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SEMICONDUCTOR DIODES AND TRANSISTORS 
VOLUME 6 


REFERENCE FOR VOLUMES 1-3 


This volume supplements and provides reference material for Volumes | through 3 of 
the Semiconductor Diodes and Transistors programed instruction series. It covers 
the same information presented in Volumes | through 3 in a conventional text form 
rather than the programed instruction approach. This volume also includes addition- 
al material and mathematical approaches that are not necessary to meet the object- 


ives outlined in the individual volumes of the programed series. 


Although this volume is intended to supplement the programed instruction series, it 
is complete in itself and can be used without the programed instruction series. 
Volumes ! through 3 will not be listed as prerequisites, Since it is designed to 
supplement the programed instruction series, the section numbers in this volume 
relate to the volume with the same number; i.e., Section | relates to Volume 1, 


etc. 


This volume does not have as an objective the teaching of the material contained 
herein. It is intended as a reference publication to supplement the programed 
instruction series. Therefore, the objectives will not indicate that the Jearner 
shall have reached a certain level of understanding or comprehension. Since 
programed instruction is designed to teach the information presented, using proven 
methods to enhance the learning process, predictable results can be listed in the 
objectives and tested for with a post-test, Using text type materials such as this 
volume, predictable results are not possible and therefore, the objectives will be 


listed in general terms. 


PREREQUISITES: 


This volume assumes the reader's comprehension of the following concepts. If he 
does not have this background, some outside study is indicated before starting 
this volume. 


l. Basic electrical current, voltage, resistance, and power. 


2. Ohms Law: E = IR (voltage = current x resistance) 
3. Power (watts) = LÅR (current? x resistance) = IE (current x voltaqe) 
4. Kirchhoff's voltage and current laws 
5. Thevinen's, Norton's, and Millman's theorems, 
6. Basic alternating current theory including capacitance, inductance, and 
reactance 
7. Algebra to the level of linear equations 
8. Centigrade and Kelvín Temperature scales 
9. Basic physics including the atomic structure of matter 
10. Definitions of the words and prefixes: 
8, Diode i. Nucleus 
b. Transistor j. Kinetic Energy 
c. Semiconductor k. Milli (m) 
d. Semiconductor Device 1. Micro (b) 
e. lons m. Nano (n) 
f. Molecules n. Pico (p) 
q. Proton o. Kilo (К) 
h. Electron p. Mega (M) 


BROAD OBJECTIVES: 


The aim of this volume is to provide supplementary and reference material for the 
programed instruction series on Semiconductor Diodes and Transistors. Each section 
within this volume relates to the programed instruction volume of the same number, 
and provides additional information that may be pursued by the learner having 
successfully completed that volume of the programed instruction series, or having 
gained this same background from some other source. It has the added objective of 
combining all of the information in the first three volumes of the programed in- 
struction series in one volume and providing charts and graphs that may be con- 
veniently found when a reference is required. It also provides a deeper coverage 
of the material from a mathematical standpoint that in the programed instruction 
series which allows the learner that wants to pursue the information further, a 
source to gain added information on the subject. Since it is hard to predict edu- 
cational objectives with a text-type publication, specific objectives will be 
neglected, however, sample problems and test questions will be found at the end of 
each section, and the answers are listed at the back of the volume, This will allow 


the reader some measure of his gains using this volume. 
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SECTION ONE 


BASIC SEMICONDUCTORS AND DIODES 


BASIC ATOMIC THEORY REVIEW: 


Since we have assumed in the prerequisites that the reader will have an understand- 
ing of basic physics, we will move right into the basic atomic theory as relates 


to semiconductors and the electrical and chemical properties of matter, 


If we were able to isolate the most basic atom in space so that no external energy 
were affecting the atom, we would find an atom with one proton in the nucleus and 
one orbiting electron, as shown in Figure l. 


мар 


©) 


FIGURE ] 
Figure | shows the diagram or model of an atom commonly referred to as the Bohr 
atom. This is really not a very complete model, since it is two dimensional, and 
merely shows the electron orbiting about the nucleus. It does not tell us much 
about the electrical characteristics of the atom, other than the atom is electri- 
cally neutral. The proton in the nucleus has one positive charge and the orbiting 
electron has one negative charge, and the atom is balanced or has no charge. Re- 
moving the orbiting electron in some fashion, perhaps by applying external energy, 
would leave one proton in the nucleus and no orbiting electron. Since the proton 
is assigned a positive charge and there is no electron to balance it, the atom would 


have a positive charge. 


An ion is an atom with a different number of protons in the nucleus than it has 
orbiting electrons. |f an extra electron were forced in some way into orbit about 
the nucleus of this atom, there would be more orbiting electrons than protons in 


the nucleus, and the atom would take on a negative charge. This is perhaps an 


over-simplification, when we are dealing with an atom which we have assumed is 
isolated in space and it is not being affected by external energy. This simple 
model, however, allows the explanation of the electrical characteristics of the 
isolated atom. The model that we use to represent the atom, an electrical circuit, 
or an electronic device can be simple or complex, depending on the application. If 
the information or the analysis required is complex, it will probably require а 
complex model, |f the information or the analysis required is simple, then a simple 


model will be sufficient. Within this publication, we will try and keep the mode I 


as Simple as possible and still give the required Information. 


The simple Bohr model of the atom is not sufficient to explain the electrical 
characteristics of conductors, Insulators, and semiconductors. Therefore, we must 
construct a model that gives us the required information. Figure 2 shows a 


different model of the simple atom in Figure 1. 
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FIGURE 2 
Figure ] shows the Bohr model with the proton in the nucleus and an orbiting 
electron. Figure 2 shows another model of the atom that is a graph of the energy 
that the electron possesses with respect to the nucleus, Since there is an 
attraction between the proton in the nucleus and the orbiting electron, it is safe 
for us to assume that the electron must possess energy in order to maintain its 
orbit about the nucleus. The energy is kinetic energy, and the amount of energy 
that the electron possesses will determine its placement in orbit about the nucleus. 
With the atom isolated in space as we first assumed, it is safe to draw the dia- 
gram that we have in Figure 2. Note that the base line or the horizontal plot has 
no dimension in the diagram. We are dealing with one isolated atom and simply 
plotting the energy that the electron possesses with respect to the nucleus at any 
point in its orbit. The electron energy level shown is the level of the one elec- 
tron orbiting the nucleus, and no other electron can exist in this level. The area 
between the proton or nucleus and the orbiting electron can be considered a for- 


bidden region because the electron cannot exist in this area. 


If a diagram is drawn of a more complex atom (complex meaning an atom with a larger 


number of protons in the nucleus and orbiting electrons), the diagram might resemble 


| ENERGY 
LEVELS 


ENERGY LEVEL DIAGRAM OF THE ATOM 


the one in Figure 3. 
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FIGURE 3 


Here the energy levels of the electrons are once again drawn with respect to the 
nucleus, and the energy levels indicate the levels that have electrons orbiting 
about the nucleus. It is well to remember that this diagram is for an atom that is 
isolated in space with no external fields or other atoms affect ing the energy levels 
of the electrons. It should also be remembered that this is nothing more than a 
model, and is just a method of expressing the energy that the electrons possess 


with respect to the nucleus of the atom, 


When atoms bond together or interconnect in some fashion to form molecules in 
structures, there is interaction between the atoms and the orbits of the individual 
electrons are distorted. The electron in one portion of its orbit may exist in one 
energy level and be forced to move to a different energy level in another portion 
of its orbit. The electron |n orbit (when affected by external fields) does not 
remain in one distinct energy level, but perhaps in several levels within its orbit. 
Constructing an energy diagram of atoms in a structure, the energy levels of the 
electrons cannot be shown as distinct energy levels with respect to the nucleus. 
Therefore, what is termed an energy band diagram is constructed, plotting the band 


of energy levels in which the electrons can exist with respect to the nucleus, as 


shown in Figure 4. 
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You will note that, in the energy band diagram, the horizontal has a dimension 
representing the inter-atomic spacing between the nuclei of the atoms, The energy 
bands nearest the nucleus are shown separate for each individual atom because there 
is no interconnection between them; however, there is a band that is shown common 
to all of the atoms. This is the outer-most band of the individual atoms that 
normally contains electrons, The bonding together or interconnection between atoms 
in molecules of structures takes place in this outer-most band. Since there is 
interaction between the atoms in the band, it is shown common to all of the atoms. 
The band in which the interconnection between atoms takes place is termed the 
valence band. The areas between the energy bands in the diagram in Figure 4 are 
referred to as band gaps or forbidden regions. No electrons can exist in the for- 
bidden regions between the permissible energy bands. There are permissible energy 
levels above the valence band in the energy band diagram, in which electrons can 
exist. Electrons do not normally exist in these levels above the valence band, 
unless some source of external energy is applied to move them out of the valence 
band. Electrons existing above the valence band have been moved there by some 


external energy. 


Adding energy to the electron moves it out of its normai orbit to some higher 
energy level. The electron will not move out of the valence band to exist in the 
band gap; therefore, in order to move an electron out of the valence band, suffi- 
cient energy must be applied to cause the electron to cross the band gap into a 
permissible energy level. The band of energy levels above the valence band that 
can contain electrons if externa! energy is applied is referred to as the con- 
duction band. Electrons that are moved from the valence band to the conduction 
band are free of the individual atom and can be moved between the atoms if ex- 
ternal energy is applied. When electrons are moved out of their normal orbits by 


application of external energy, the atom is termed ''excited'', 


There is only a certain number of permissible energy levels within the energy bands. 
The innermost band that can contain electrons has only two energy levels; therefore, 
the band closest to the nucleus can only contain two electrons per atom, When it 

contains two electrons per atom, it is considered '"'filled". The second energy band 
in an energy band diagram has eight distinct energy levels and, therefore, can con- 
tain eight electrons. |t is considered filled when it contains eight electrons per 


atom. The next band can contain eighteen electrons, and the next band thirty-two 


electrons. With no external energy applied, atoms in structures will fill the 
bands from the nucleus out. It should be remembered that each unexcited atom in an 
energy band diagram has the same number of protons in the nucleus as electrons in 
the bands. The atom is considered neutral, or unexcited, when it contains the same 


number of orbiting electrons as protons in the nucleus. 


To get a better feel for an energy band diagram, we will refer to Figure 5 (fold out 
at end of book), which is a periodic table of the elements. The maximum number of 
electrons per band is lísted down the left hand column of Figure 5. These are the 
energy bands in our model. From the periodic table of the elements in Figure 5, the 
first shell can contain two electrons per atom; the second shel! eight, and so forth. 
The second column on the periodic table lists the number of bands of the atoms to the 


right. The maximum number of electrons per atom in the first shell is two. 


Hydrogen has only one shell and is the most simple atom listed, Hydrogen has the 
symbol I-H-]. This is the atomic number of hydrogen. The first number, the one, 
indicates that hydrogen has one orbiting electron. The H indicates hydrogen, and 
the second | indicates that there is one particle in the nucleus, 1-Н-1 is the 
symbol for hydrogen, and it indicates that there is one orbiting electron and one 
particle in the nucleus. Since hydrogen has only one orbiting electron, the number 


of electrons in the outer band of hydrogen is one. 


The valence is listed across the top of the periodic table of the elements. We 
note that hydrogen has a valence of one, or one electron in the valence band, Let's 
pick another item at random in the valence one column. Copper has a symbol indi- 
cated by 29-CU-63. This indicates that copper has 29 orbiting electrons, CU stands 
for copper, and that there are 63 particles in the nucleus, There are particles 

In the nucleus of an atom, other than the protons. There are 29 protons in the 
nucleus to balance the 29 orbiting electrons in copper, and the other particles 

in the nucleus add to the atomic weight of copper. The shells, or energy bands, 
are filled from the nucleus out. The first shell can contain two electrons, the 
second eight, and the third eighteen, etc. We see in Figure 5 that copper has a 
total of four shells. The inner shells, or energy bands of copper are filled. 
Since copper has 29 orbiting electrons and only 28 are needed to fill the first 
three bands, there is one electron left in the outer most band of copper. The 


outer most shell, or band, is a valence band; therefore, copper will have a 


valence of one (valence indicating the number of electrons existinq in the outer 


most energy band of the unexcited atom, which is termed the valence band). 





FIGURE 6 


Figure 6 is an energy band diagram of copper. Note that the inner-most bands con- 
tain two, eight, and eighteen electrons respectively, and that the valence band 
contains one electron. The conduction band and the valence band are only separated 
by a very narrow band gap. We should already know that copper is a very good con- 
ductor, and that the band gap between the valence and the conduction band must be 
overcome to free electrons from the nucleus of the individual atoms. Copper has 

a very narrow band gap between the valence and the conduction band. (Actually at 


room temperature, 25°C, the bands overlap.) 
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FIGURE 7 


Figure 7 is an energy band diagram of silver. Looking at the periodic table of the 
elements in Figure 5, we find that silver has an atomic number of H7, This indi- 
cates that it has 47 orbiting electrons. Unlike copper, silver has five bands or 
shells. Silver, like copper, is in the valence one column, indicating that it has 
one valence electron; however, it has one more shell than copper. Notice in the 
energy band diagram of silver їп Figure 7 that the valence band exists at a higher 
energy level with respect to the nucleus than copper. The valence electron of 


Silver has more energy than the valence electron of copper. 


We should already know that silver is a better conductor than copper, even though 
it has the same number of valence electrons. The greater number of bands qives an 
indication of why. Silver has one valence electron; however, this valence electron 
is existing in a higher energy level than the valence electron of copper, and the 
band gap between the valence band and conduction band in silver is very narrow and 
actually seems to overlap. |t will take less applied energy to move the valence 
electrons of silver into the conduction band than it will to move the valence 
electrons of copper; therefore, silver is a better conductor than copper, Another 
way of putting it, there will be less opposition or resistance in silver to the 
movement of electrons than in copper. The resistance of a material can be related 
to the amount of energy it takes to move the electrons out of the valence band into 
the conduction band, and allow them to become carriers of current. From this, it 
is evident that conductors should have a small band gap between the valence and the 


conduction band. 


То this point, we have been drawing an energy band diagram of a structure, and in- 
dicating all of the bands from the nucleus out. We will find, however, that the 
valence band and the conduction band are the two most important bands when dealing 
with the electrical characteristics of the atom. The inner bands are present, but 
generally disregarded when the energy band diagram is constructed, The primary 
part that the inner bands play in the electrical characteristics of a material is 
the number of bands that are present. The greater the total number of energy bands, 
the farther the valence electrons will exist from the nucleus energy-wise, and the 
more energy the valence electrons will possess. In any energy diagrams that follow 
in this publication, the inner-most bands will be disregarded, and only the valence 
band and conduction band will be shown. It should be remembered that the inner- 
most bands are present and affect the electrical characteristics by the number of 
bands that are present; however, as this is their major affect on the electrical 


characteristics, they will be disregarded. 
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FIGURE 8 


Flgure 8 indicates the type of energy band diagram that we will use from this point 
on. The energy that the electrons in the bands possess is plotted vertically, and 
the inner-most bands are disregarded, Only the valence and conduction bands are 
shown. The width of the diagram, if the entire energy band diagram were shown, 


would indicate the inter-atomic spacing. For most purposes this is not necessary. 
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FIGURE 9 


Figure 9 shows the energy band diagram for a conductor, an insulator, and a semi- 
conductor. Note that the energy band diagram of the conductor has the conduction 
band and the valence band effectively overlapped at room temperature, and electrons 
are available in the conduction band with little effort. Room temperature for this 
publication will be assumed to be approximately 25°C, 77°F, or 300°K. Note that 
the energy band diagram of an insulator shows a very wide band gap between the 
valence and the conduction band, when compared to that of a conductor. This indi- 
cates that it will take a large amount of applied energy to move electroms from the 
valence band to the conduction band, and the material will have a high electrical 
resistance. Materials with a wide band gap between the valence and conduction band 
offer a high resistance and are considered electrical insulators. Those materials 
that fall between the insulator and conductor are termed semiconductors, Semi- 
conductors have a fairly wide band gap when compared to the conductor, but a fairly 
narrow band gap when compared to the insulator. Semiconductors are not good con- 


ductors or good insulators, 


Figure 10 lists some typical conductors, semiconductors, and insulating materials, 
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Silver and aluminum are listed as typical conductors, and we see that they have 

10-5 апа 10-6 оһтѕ рег centimeter?, or a fairly low electrical resistance. They are 
considered conductors. Mica has 1012 to 1013 ohms per centimeter, and polyethelene 
has 1015 to 1016 ohms per centimeter3, and they are considered insulators. Note 
that germanium and silicon have 50 to 60 and 50,000 to 60,000 ohms per centimeter3 
respectively, and these are considered semiconductors. (They fall somewhere be- 


tween the lower resistance of the conductor and the very high resistance of the 


insulator.) 


In looking at the periodic table of the elements in Figure 5, we find that germanium 
and silicon (the examples of semiconductors that we just used) lie in the column 
marked valence four. Germanium has an atomic number of 32 and has four shells, 
giving it four valence electrons. Silicon has an atomic number of fourteen; 
however, it only has three shells and the inner two shells are filled, leaving four 
electrons in the valence band. It should be noted at this time that the valence 
electrons in germanium are at higher energy levels than the valence electrons of 
silicon, Silicon has a higher electrical resistance than germanium, although they 


both are in the valence Four column in Figure 5. 


The first two conductors that we discussed, copper and silver, are in the valence 
one column. The semiconductors, silicon and germanium, are in the valence four 
column. Aluminum is considered a conductor, and yet it lies in the valence three 
column. This indicates that the number of valence electrons is not the only 


governing factor in determining the electrical characteristics of matter. 


The type of bonding together or interconnection of the atoms also governs the 
electrical characteristics. There are several bonding processes; however, in 
semiconductor work the covalent bonding process is of prime interest. We all are 
familiar with H20, or water. H20 is made up of two atoms of hydrogen and one atom 
of oxygen. Referring to Figure 5 once again, we find that hydrogen has a valence 
of one and oxygen has a valence of six, When the valence of hydrogen and oxygen 

is stated, it indicates that hydrogen has one electron in its valence band per atom 
and oxygen has eight electrons in its valence band per atom, Regardless of the 
number of electrons that can exist in a given shell or energy band, the outer-most 
band of the unexcited atom or the valence band is considered filled when it con- 


tains eight electrons per atom. If the valence band is the fourth shell, such as 
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ELEMENT | GROUP IN | 
(Symbol) PERIODIC TABLE 
boron (B), aluminum (Al), 


gallium (Ga), indium (In) 


germanium (Ge), Silicon (Si) 













Basic semiconductor mat- 
erials when in crystal 
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5 Doping elements to form 
N-Type semiconductor 
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it is with germanium, the fourth shel! can contain thirty-two electrons; however, 
when the fourth shell is the valence band, it is considered filled when it contains 
elght electrons, The bonding together of atoms forms octet structures. In an octet 
structure, the material has a valence of eight. When two atoms of hydrogen and 

one atom of oxygen bond together, the result is water. The bonding process in water 
is termed ionic bonding. lonic bonding occurs when atoms with a small number of 
valence electrons give up their valence electrons to fill the valence band of atoms 
with a large number of valence electrons. Atoms with less than four electrons will 
tend to give up their electrons more readily than atoms with greater than four 
valence electrons. When oxygen and hydrogen are brought together, the hydrogen 
atoms tend to give up their valence electron to the oxygen and the bonding process 
occurs. Hydrogen takes on a positive charge. A positive charge results when the 
one electron leaves the hydrogen, leaving behind the proton in the nucleus. Since 
it has more orbiting electrons than protons in the nucleus when it accepts the 
electrons from hydrogen, the oxygen atom takes on a negative charge. Unlike charges 
attract and there is an attraction between the oxygen and the hydrogen. The hydro- 
gen, having taken on a positive charge, is ап. Топ. The oxygen, having taken on a 
negative charge, is an ion, and the process is referred to as ionic bonding. The 
ionization and de-ionization of the atoms goes on continuously, and the result is 


a fluid. 


In semiconductor work, the concern is with the characteristics of solids. Taking 
germanium as an example, the bonding process is termed covalent bonding. In cova- 
lent bonding, the atoms of germanium arrange themselves equidistant from one 
another, and tend to share valence electrons rather than forming ions. Germanium 
has a valence of four (refer to Figure 5), and shares its four valence electrons 
with four adjacent atoms of germanium, Each atom of germanium appears to have a 
valence of eight and the atoms are tightly bonded together. No ions are formed 


and there is a lattice work that extends through the entire germanium structure. 


Figure 1l] shows a simplified diagram of the bonding process in germanium. Note that 
the path of the orbits of the valence electrons brings them into the valence band of 
the adjacent atoms and all of the atoms share valence electrons with their 
neighbors, Each atom appears to have a valence of eight. Since the valence 
electrons remain with the parent atom, no ions are formed and the atoms remain 


electrically neutral, An energy band diagram of germanium shows the valence band 


Filled as a result of the sharing of valence electrons and a distinct band gap be- 


tween the valence band and the conduction band. 


An element can be broken down into its smallest form and still maintain its 
characteristics. All of the listings in Figure 5 are elements. When broken down 
into their smallest form, they still exhibit the properties of the whole. When 
water is broken down into its smallest form, there are two atoms of hydrogen and 
one atom of oxygen, and no longer water as such. The smallest particle of water 
that still maintains the characteristics of water is a molecule (the molecule con- 
taining two atoms of hydrogen and one atom of oxygen). The molecule is the 
smallest particle of matter that still exhibits the original characteristics of the 
matter and, when pure elements are involved, the smallest particle is the atom of 
the element. If more than one element makes up the matter, the material is said 
to be a compound, if a chemical action is required to separate the elements. If 
no chemical action is required to separate the elements, the matter is simply a 
mixture. A compound is a bond of two or more dissimilar atoms or dissimilar ele- 
ments. A bond of germanium atoms and arsenic atoms results in a compound that has 


a characteristic different than either of the two elements in their basic form. 


Referring to Figure 5 again, arsenic is in the valence five column, and gallium is 
in the valence three column. Arsenic has five valence electrons and gallium has 
three valence electrons. When atoms of gallium and arsenic bond together, they 
form a structure that has an effective valence of eight, by sharing their valence 
electrons. The five valence electrons of arsenic bond with the three valence 
electrons of gallium and form a structure. The structure that they form is termed 


a compound and is called gallium arsenide. Gallium arsenide is a compound of 


gallium and arsenic, 


Atoms with eight valence electrons do not lend themselves to bonding with other 
atoms in a covalent bond to form a structure. Atoms with a small number of valence 
electrons tend to give up their valence electrons very easily and make electrical 
conductors. Semiconductors generally fall in the valence four, five, and three 
columns with the possibility of using valence six and valence two materials 
(referring to Figure 5). Germanium and silicon structures are made up of elements, 


while such semiconductor materials as gallium arsenide are compounds, 
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We have seen that the number of valence electrons and the type of interconnection 
or bonding between the atoms affects the electrical characteristics of solids. 
Materials made up of elements with small number of valence electrons tend to be 
good electrical conductors, Materials in the three, four, and five valence columns 
in a covalent bond are termed semiconductors, and materials that are bonded to- 


gether in a tight bond with a wide band gap between the valence and conduction band 


are termed insulators. 


If external energy is applied to the atoms in a solid, electrons can be moved from 
the valence band to the conduction band and provide current carriers. The energy 
can be applied in the form of heat, light, or an electric field, Sufficient energy 
must be applied to the valence electrons to move them across the band gap before 
they can become current carriers. With no external energy applied including heat, 
light, or an electric field, a semiconductor structure has the valence band filled 
and no electrons existing in the conduction band. The material is essentially an 
electrical insulator. At room temperature, or approximately 25°C, sufficient energy 
in the form of heat is applied to some of the electrons in the semiconductor 
structure to move them to the conduction band. This will provide current carriers, 
апа the material is termed a semiconductor. It should be noted that when heat 
energy moves electrons from the valence band to the conduction band, that the 
structure is not complete at the point that the electron left. Since the atoms all 
share valence electrons with adjacent atoms, an electron removed from the 
structure forms a hole in the semiconductor structure. When an electron is moved 
to the conduction band, a hole is left in the valence band, and it can be said that 
a hole electron pair has been formed by the application of external energy. With a 
pure semiconductor structure, moving an electron to the conduction band will leave 


an incomplete structure at that point. 


It should be noted that the heat energy can provide current carriers and the resis- 
tance of material is reduced, Therefore, the electrical characteristics of the 
material are not only dependent on the number of valence electrons of the individual 
atoms and the type of bonding, but also dependent on the temperature. The greater 
the temperature, the more hole electron pairs are formed, and the more current 
carriers are provided. This lowers the electrical resistance of the semiconductor 
material. This is just the opposite of the temperature affects on conductors 


where an increase in temperature increases the resístance of the conductor. 


Table ] is included here for the people that would like to pursue the mathematics 
involved in determining the number of free holes and electrons in intrinsic semi- 
conductors at a given temperature. Intrinsic semiconductor refers to semiconductors 
that have no impurities added, In other words, a piece of germanium which con- 

tains only germanium atoms, or a piece of silicon that contains only silicon atoms 

is termed intrinsic. Table 2 lists the characteristics of pure semiconductor 
structures, The important relationship that can be gained from table | is that the 
number of hole electron pairs is related exponentially to the temperature. When the 
number of free electrons and holes at room temperature is compared to the total 
number of atoms per cent imeter2, it is found that only one atom in a billion has 

lost its electron to the conduction band in germanium. Silicon has a wider band дар 
between the valence and conduction band and, at room temperature, only one atom in 
about 73 billion atoms of silicon has lost its electron to the conduction band. This 
indicates the reason for the large difference in the electrical resistance of silicon 
and germanium at room temperature. The density of holes and electrons increases by 
about 5% per degree centigrade in germanium, and about 7% per degree centigrade іп 


silicon when temperature increases. 


FERMI LEVEL: 


Ап energy band diagram of intrinsic or pure silicon or germanium, assuming no ex- 
ternal energy applied, has the valence band filled and no electrons existing in the 
conduction band. The highest level in the valence band is considered to be the 
1005 probability level for the existence of electrons, and the lowest level in the 
conduction band is considered to be the 0% probability level for the existence of 
electrons. Midway between these two points is the 504 electron probability level. 
Probability level indicates the probability of the existence of electrons at that 
point. Figure 12 shows the energy band diagram of a pure semiconductor with the 


probability levels marked in percentages. Figure 13 shows the Fermi level. 
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These probability levels are assuming no external energy to include heat is being 
applied. The highest level in the valence band is the 100% occupation level, or 
probability level. (We would expect to find electrons in this level.) Electrons 
cannot exist in the band gap, however, they can exist in the lowest level of the 
conduction band. With no external energy applied and a pure semiconductor, we 
would not expect to find electrons in the conduction band, therefore, it is 
assigned as the 0% probability level. The point midway between these points is, 

of course, the 50% probability level. The 50% probability level is termed the 
Fermi level. Figure 14 shows the typical energy band diagram of an intrinsic semi- 


conductor with the Fermi level indicated, 
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Notice that the fermi level is midway in the band gap between the valence band and 
the conduction band. The lowest level in the conduction band is the 0% probability 
level, and the highest level in the valence band is the 100% probability level. 
Table 3 is listed for those that want to pursue the mathematics involved in the 
Fermi distribution. For our purposes, assuming the Fermi level to be the 50% 


probability level of the existence of electrons is sufficient. 


When hole electron pairs are formed in intrinsic semiconductors as a result of heat 
energy, the electron will exist in an energy level the same number of energy units 
above the Fermi level as the hole exists below the Fermi level in the valence band, 
The application of an external source of voltage to intrinsic semiconductor at room 
temperature results in a small. current flow. The amount of current flowing will 
depend on the number of hole electron pairs that have been formed due to thermal 
energy and the magnitude of applied voltage. The electrons will move as current 
carriers in the conduction band of the material, and the holes will move as current 
carriers in the valence band of the material. The current in the external circuit 
is the sum of the current carried by the holes and the electrons. Table 8 shows the 
mathematics involved in determining the current in intrinsic semiconductors for those 


who want to pursue this farther. 


It is important to note at this time that semiconductors can have two types of 
predominate current carriers. In intrinsic semiconductors, there are equal amounts 
of holes and electrons and both will serve as current carriers. There is no pre- 
dominate current carriers and the current must be dealt with in terms of both holes 
and electrons as current carriers. |t is also well to note that the electron moves 
in the conduction band, the hole moves in the valence band, and their velocities 
are different. Note in table 2 that the electron lattice mobility in germanium is 
about 3900 centimeters?/volt second at room temperature, while the hole mobility 

is about 1900 centimeters?/volt second at room temperature. This indicates that 
the electron mobility in germanium at room temperature is nearly twice that of the 
hole mobility. This can make a significant difference in later studies. Note 

also in table 2 that the electron mobility in silicon is less than half that of the 
electron mobility in germanium; however, the electron mobility in silicon is three 
times the hole mobility in silicon. There will be a pronounced difference in the 
mobility or the velocity of electrons as current carriers, with respect to holes as 
current carriers in semiconductors. We will pursue this further at a later point. 
For now, the fact that we have two current carriers in semiconductors and that they 
do have different velocities is sufficient. This is really not a new concept, 
since the familiar voltage regulators or gas-filled tube had two types of current 
carriers. When the gas in such a tube was ionized, the current was carried by 


both positive and negative ions, and the total current was the sum of the current 


carried by both the positive and negative ions. 


DOPING: 


In dealing with intrinsic semiconductors, the only current carriers available are 
those thermally qenerated by surrounding air temperature or carriers that are set 
free due to the application of an electric field. The intrinsic semiconductor 
material can be termed ohmic, or non-rectifying. Referring to Figure 15, the same 


amount of current flows, regardless of the polarity of the applied source, 
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Note in Figure 15 that electrons leave the negative side of the source and enter 
the intrinsic material, travel through the intrinsic material and on to the posi- 
tive side of the bias source. Electrons are repelled by the negative side of the 
bias source and move as current carriers in the conduction band of the intrinsic 
semiconductor material. At the same time, the holes in the valence band are tra- 
veling in the opposite direction in the valence band of the material, and the 
current in the external circuit is the sum of the current carried by the two types 
of carriers. If the polarity of the biasing source is reversed, current simply 
flows in the opposite direction. Connections that are referred to as ohmic are 
non-rectifying, The resistance of the semiconductor material may be changed by 
adding imperfections or impurities to the structure. Adding impurities to the 
intrinsic semiconductor that will increase the number of current carriers avail- 
able at a given temperature, will reduce the electrical resistance of the semi- 
conductor. Since the current can be carried by either holes or electrons, impuri- 


ties may be added that will provide more holes or electrons as current carriers. 


Referring to Figure 5, arsenic has an atomic number of 33 and falls in the valence 
5 column. Arsenic has five valence electrons, one more than germanium or silicon. 
Germanium and silicon are covalent bond structures in that the atoms arrange them- 
selves equidistant from each other_and share valence electrons. Each germanium or 
silicon atom shares a valence electron with four adjacent atoms. If a few atoms of 
arsenic are added to the germanium or silicon structure, the atom of arsenic will 
provide more valence electrons than needed to complete the covalent bond. Four of 
the valence electrons of arsenic will bond with four adjacent germanium or silicon 
atoms, and the valence band will be filled, The fifth valence electron of the 
arsenic atom cannot exist in the valence band since it is filled and, therefore, is 
not needed to complete the structure. It would exist somewhere in the band gap, 
however, at room temperature, sufficient energy in the form of heat is applied to 
ionize the arsenic atom. At room temperature, the electron is available in the 
conduction band. When arsenic is added as an impurity to intrinsic germanium or 
silicon, electrons can be available in the conduction band without holes having to 
exist in the valence band. The electrons in the conduction band will be available 
as current carriers as the result of adding the impurities to the intrinsic ger- 
manium or silicon and not as a result of thermal energy forming hole electron pairs. 
At room temperature, of course, thermal energy will also have formed a few hole 


electron pairs, providing more electrons in the conduction band, and also a few 
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holes in the valence band. The number of electrons in the conduction band will be 
much greater than the number of holes in the valence band when the material is 
properly doped. Therefore, electrons will be the predominate or majority current 
carrier available in this type of semiconductor. When imperfections are added to 
intrinsic semiconductor with more valence electrons than needed to complete the 
covalent bond, electrons are provided as current carriers as a result of doping. 
The majority current carriers provided by the doping process are electrons in the 
conduction band and the material is referred to as N type semiconductor. Although 
at room temperature there will be both holes and electrons available as current 
carriers in N type semiconductor as a result of thermal energy, there will be many 
more electrons than holes. (The doping process has provided electrons in the con- 


duction band that do not require a corresponding hole in the valence band.) 


Figure 16 shows N type semiconductor with a biasing voltage supply added, 
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Note that the current in the semiconductor is carried by electrons moving in the 
conduction band, and holes moving in the valence band, but that the electrons in 

the conduction band are the predominate current carriers, When the battery polarity 
is reversed, the current direction simply reverses, and we can say that N type 
semiconductor is ohmic in that it has a resistance but does not rectify. N type 
semiconductors will have a lower resistance than the intrinsic semiconductor before 


doping. 


The addition of impurities increases the number of current carriers available and 
reduces the resistance of the material. The greater the number of impurities 
added, the lower the resistance of the material after doping. Constructing an 
energy band diagram of N type semiconductor, the Fermi level is no longer placed 
in the center of the band gap between the valence and the conduction band. With 
intrinsic semiconductors, the top of the valence band is the 100% electron probab- 


ility level, and the lowest energy level in the conduction band is the 0% electron 
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probability level, and the 50% level is midway in the band qap. The addition of 
impurities to form N type semiconductors provides electrons at a higher energy level 
than an intrinsic semiconductor, That is, it is possible now to have electrons 
existing in the conduction band without corresponding holes in the valence band. 


Therefore, the 0/5 and, as a result, the 5075 electron probability level moves up in 
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Note in Figure 17 that the Fermi level exists closer to the conduction band than 
the valence band in N type semiconductor. The greater the number of impurity atoms 
added in the doping process, the higher the Fermi level will exist in the energy 
band diagram. It is possible to add enough impurities to move the Fermi level up 
into the conduction band of the N type semiconductor. 

Referring to Figure 5 again, Indium falls in the valence three column. Indium has 
three valence electrons, one less than germanium or silicon. |f a small amount of 
Indium is added to intrinsic silicon or germanium, there will be an insufficient 
number of valence electrons to complete the covalent bond. The three valence 
electrons of Indium will bond with three adjacent atoms of germanium or silicon 
and there is no fourth electron available to complete the covalent bond. In other 
words, adding Indium to germanium or silicon will leave holes in the valence 
structure. The structure of the germanium or silicon will be incomplete at points, 
and there will be holes available as current carriers without electrons having to 
exist in the conduction band. Impurities with less valence electrons than needed 
to complete the covalent bond form P type semiconductors which have holes in the 
valence band as a result of the doping process, The holes provide carriers of 
current in P type semiconductors. At room temperature, of course, there will be 
hole electron pairs formed as a result of heat energy; however, the number of holes 
will be large compared to the number of electrons in the conduction band. The 
holes will be the predominate or the majority current carrier in P type semicon- 


ductors and the electrons existing in the conduction band as a result of thermal 
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energy will be the minority current carriers. Impurities added to form P type semi- 
conductors are referred to as acceptor impurities, and they provide holes in the 
valence band of the structure. Impurities that are added to form N type semicon- 
ductors are referred to as donor impurities, and they provide electrons as current 


carriers in the conduction band of N type semiconductors, 
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Figure 18 shows a piece of P type semiconductor with a bias voltage applied, 
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FIGURE 18 


Current is carried by holes moving іп the valence band of the P type semiconductor, 
which results in electron movement іп the opposite direction in the external cir- 
cuit. Current is also carried by electrons moving in the conduction band of P 
type semiconductors; however, since the number of holes is large compared to the 
number of electrons, the current is carried primarily by hole movement in the 
valence band. If the polarity of the biasing battery is reversed, hole movement 
changes direction in the P type semiconductor and current flows in the opposite 


direction, P type semiconductors are ohmic in that they are non-rectifying. 
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Figure ]9 shows the energy band diagram of P type semiconductors. Note that the 
Fermi level exists closer to the valence band than the conduction band in this 

type of semiconductor. The top level in the valence band is no longer the 100% 
probability level for the existence of electrons, because the doping impurities 
have provided holes in the valence band without corresponding electrons in the 
conduction band. As a result of doping, the 100% probability level and, therefore, 


the 5075 probability level are moved down in the energy band diagram. The greater 
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the amount of acceptor doping impurities added, the lower the Fermi level will 
exist in the energy band diagram, It is possible to add a sufficient number of 


impurities to move the Fermi level down into the valence band of the material. 


[t should be remembered that both N and P type semiconductors are electrically 
neutral and there is a balance between the number of orbiting electrons and the 
protons in the nucleus of the atoms in the structure. There are electrons avail- 
able as current carriers in N type germanium and holes available as current carriers 
in P type germanium, as a result of doping; however, there is no net charge, because 
a balance exists between the electrons and protons in the atoms in the structure, 
The unbalance exists in the covalent bond. The number of impurities added in the 
doping process might be only one part in several million parts of the intrinsic 
semiconductor. This will be sufficient to provide current carriers and reduce the 
resistance of the intrinsic material. When holes move in the valence band of the 

P material, as a result of the application of an external biasing source, a hole 

is formed at one side of the material by removing an electron from the valence 

band. There is a net drift of holes through the valence band of the material and 
the holes recombine with electrons at the opposite side of the P type material, 
Holes move internally in the opposite direction of the electron movement in the 


external circuit. -- š 


CARRIER MOBILITY: 


When there are larqe numbers of electrons available in the conduction band such as 
in N type semiconductors, the movement of electrons in the valence band can be com- 
pared to the movement of electrons in a conductor. Оп the application of applied 
voltage, there is a net drift of electrons through the conduction band from the 
negative to the positive side of the source, resulting in a current in the external 
circuit. The mobility of the electrons is set by the type of semiconductor material 


used, 


Table 2 lists the characteristics of three types of semiconductor materials most 
commonly used, and the lattice mobility of electrons is shown for all three. When 
the electrons are in the majority and are the majority current carriers, the 
mobility is governed by the lattice mobility of the intrinsic semiconductor that 


has been doped. With N type germanium, this is 3900 centimeters?/volt second; with 
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silicon this is 1500 centimeters?/volt second, as shown in table 2, When the 
electron is in the minority, such as it would be in P type semiconductor, there 

are few electrons existing in the conduction band, and there is not the net drift 
of electrons that occurs when the electrons are in the majority. The electrons are 
not caused to drift due to a potential gradient across the material and they are 
transported by a means termed 'diffusion'. The electrons, when in the minority, 
tend to take a random erratic path in the semiconductor, and travel at a different 
velocity than when in the majority. Electrons existing as minority carriers can be 
said to diffuse and, consulting table 2, the electron diffusion constant in german- 
ium is 100 centimeters?/second; in silicon it is 38 centimeters?/second. The 
electron traveling as a minority carrier has a different velocity than when travel- 
ing as a majority carrier. The same is true of holes as majority and minority 
carriers. Referring to table 2 once again, the hole mobility in germanium is 

1900 centimeters?/volt second, while the hole diffusion constant for germanium is 
59 centimeters2/second. Holes have a different velocity when in the majority than 


when in the minority (serving as current carriers). 


The important things to remember at this time are that doping can provide either 
electrons or holes as current carriers; that there will be both electrons and holes 
available as current carriers at room temperature, even though the doping was aimed 
at providing only electrons or only holes. The majority current carrier will have 
a different velocity than the minority current carrier. Holes moving as majority 
current carriers in P type semiconductors will have a different velocity than holes 
moving as minority current carriers in N type semiconductors. Electrons moving as 
majority current carriers in N type semiconductors will have a different velocity 
than electrons traveling as minority current carriers in P type semiconductors, 

The majority current carriers are said to have a certain mobility set by the type 
of basic semiconductor used. The transport of minority carriers is by diffusion, 
which is a random movement of minority carriers through the material. The diffusion 
constant of minority carriers is also set by the intrinsic semiconductor that has 
been doped. The mobilities and diffusion constants of the three commonly used 


semiconductors can be found in table 2. 


Table 5 shows the math involved in determining the number of holes and electrons 
available in intrinsic material, the number of electrons provided as current 


carriers when donor impurities are added, the number of holes provided as 


=a — 
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current carriers when acceptor impurities are added, the number of holes as minority 
carriers that are present at a given temperature in N type, and the number of 
electrons that are present at a given temperature as minority carriers in P type 


semiconductors. 


Table 6 covers the math involved in the mobility of majority carriers and the 
diffusion of minority carriers in semiconductors, The parameters mobi lance and 
diffusion are formulated, and the relationships of the majority carrier current 

and the minority carrier current to these parameters are formulated, for those that 
want to pursue this further. An important point is the relationship of the mobility 
of majority carriers with respect to the diffusion constant of minority carriers. 
The ratio of the mobility of holes (нь) to the diffusion constant of holes (05) is 


equal to the ratio of the mobility constant of electrons (и) to the diffusion 


constant of electrons (р.), and these ratios are equal to d. where q is the charge 


on an electron, K is Boltzman's constant, and T is the temperature. This will be 


important in dealing with junctions of P and N type semiconductors a little bit 


later. 


BASIC SEMICONDUCTOR DIODES: 





FORMING A JUNCTION: 


The construction of a semiconductor, PN junction or diode is accomplished by doping 
the opposite sides of a semiconductor with donor and acceptor impurities, and the 
transition point between P and N material becomes a junction. To analyze what 
happens when a junction is formed, we will hypothetically bring together two pieces 


of N and P type material. 
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Figure 20 shows the energy band diagram of both N and P type semiconductors, and 

in this diagram, it is assumed that impurities have been added to the same type of 
intrinsic semiconductor. The nucleus is assumed to be the 0 energy level, and the 
energy in the bands is plotted with respect to the nucleus, The Fermi level in the 
N type exists closer to the conduction band than the valence band. The Fermi level 
in the P type exists closer to the valence band than the conduction band and, if 
the two materials are brought together, there will be electrons existing in the 
conduction band of the N type and holes existing in the valence band of the P type, 
between which there is an attraction. The electron has a net negative charge and 
the hole has a net positive charge, and there is an attraction between the two. 
When the two pieces of N and P type material are joined, electrons will migrate in- 
to the conduction band of the P type from the N type; holes will migrate from the 
valence band of the P type into the valence band of the N type, and recombination 
will occur. By recombination, we speak of an electron filling a hole and neither 
being present as current carriers. If an electron leaves a conduction band to fill 
a hole in the valence band, it is no longer available as a current carrier in the 
conduction band. When the electron fills a hole in the valence band, the hole is 
no longer available as a current carrier. An area about the junction of the two 
materials will start to become depleted of current carriers, since the electrons 
filling the holes reduce the number of carriers available. The electron, on 
leaving the N material, leaves behind the nucleus of the impurity atom which has 
One more proton than it has orbiting electrons. The electron, on leaving the N 
material, leaves behind a positive Топ in the N material - the positive ion being 
the impurity atom that has lost an electron. The electron, on entering the P 
material and recombining with a hole fills the hole in the valence band of the P 
material and satisfies the covalent bond; however, the impurity atom in the P type 
now has more orbiting electrons than it has protons in the nucleus, and becomes a 
negative ion. The recombination of holes and electrons when a junction is formed 
results in positive ions being formed in the N type material, negative ions being 
formed in the P type material, and a difference in potential existing across the 


junction or transition region, between N and P type material. 
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Еїдиге 21 is a rough sketch of a PN junction with the depletion region and the 
positive and negative fons indicated. The recombination of holes and electrons 


occurs until a point of equilibrium is reached. P 
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AFTER JUNCTION IS FORMED 
FIGURE 22 


Figure 22 shows the energy band diagram of a PN junction at equilibrium. Note that 
when equilibrium occurs, the Fermi levels of the two sides are lined up. The con- 
duction band of the N side is opposite the band gap in the P side, the valence band 
of the P side is opposite the band gap in the N side, and there is a potential 
difference or built-in voltage existing across the junction or transition region. 
This built-in potential at room temperature is typically 300 millivolts for a 
germanium PN junction, and about 700 millivolts for a silicon PN junction. Table 

7 covers the math involved in determining the built-in voltage or potential diff- 
erence that exists across the junction. The math in table 7 is not necessary for 
this 'level of coverage; however, it is included for those that want to pursue this 


a bit further. 


It should be noted at this time that the PN junction diode can be likened to a 
charged capacitor, since the N and P regions are essentially low resistance areas 
due to the heavy concentration of majority carriers, while the depletion region, 
having been depleted of majority carriers is essentially an area of effective in- 
sulation between the N and P regions. The N and P regions separated by the de- 
pletion region can be likened to a leaky capacitor, whose capacitance may be 
changed if the width of the depletion region is changed. (This is the same as 
changing the distance between the plates of a capacitor.) The voltage variable 
capacitor, which is a device that will be discussed later in this volume, takes 
advantage of the capacitance at the junction and uses it in circuitry. The junction 
at equilibrium has the Fermi levels lined up and the two sides are no longer elect- 
rically neutral. The N side has a net positive charge, and the P side has a net 
negative charge. Recall that the energy band diagrams are a plot of negative 


electron volts with respect to the nucleus and, prior to forming the junction, the 
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nucleus is assumed to һауе O electron volts. When the N side starts taking on a 
positive charge as the junction is formed, the nuclei are no longer at 0, but start 
taking on a positive charge. The entire N side of the diagram moves down. The P 
side, on taking on a negative charge, has its energy band diagram existing higher 
than before, and Figure 22 illustrates how far the diagrams move before equilibrium 
is reached, At equilibrium, the Fermi levels are lined up and the two sides of the 
diagram have shifted due to the built-in voltage, and a potential difference is 
existing across the junction. To have external current, some external energy must 


be applied to bring the junction out of equilibrium. 


BIASING AND DIODE ACTION: 


Consider the application of a battery with the polarity shown in Figure 23. Note 
that the negative side of the battery is reducing the positive charge of the N 

side, and the positive terminal of the battery is reducing the negative charge of 
the P side. The energy band diagram is distorted by the application of the external 
energy and electrons can move from the conduction band of the N side into the con- 
duction band of the P side, and holes can move from the valence band of the P side 
into the valence band of the N side. This polarity of bias allows majority carriers 
(electrons in the conduction band of the N side, and holes in the valence band of 
the P side) to cross the junction, or transition region. Notice that once these 
carriers have crossed the junction they are no longer majority carriers. An elect- 
ron on leaving the conduction band of the N side and entering the conduction band 
of the P side becomes a minority carrier. A hole on leaving the valence band of 


the P side and entering the valence band of the N side becomes a minority carrier 


We previously have discussed the transport of minority carriers. The transport of 
minority carriers is by diffusion and they have a different velocity than when 
transported as majority carriers. The majority carriers that cross the junction 
with forward voltage applied become minority carriers and seek impurities or im- 
perfections in the opposite side in order to accomplish recombination. That is, 

an electron crossing from the N material into the P material must find an impurity 
atom or some imperfection in the P material that will allow recombination. A hole, 
on migrating from the P material into the N material as a result of forward bias, 
must find an impurity or an imperfection in order to recombine with an electron. 


When an electron or hole that has crossed the junction finds an impurity atom or 
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some imperfection, it can accomplish recombination and is lost as a current carrier, 
The hole can be said to be replaced from the positive side of the bias source by 

the removal of an electron at the contact with the P side. The electron is replaced 
by the negative terminal of the battery by injection into the N side, and current 
can be considered continuous through the junction, It should be noted, however, 
that electrons, on crossing the junction, must move into the valence band to 
accomplish recombination. In order to do this, they must give up energy. Since 
electrons move from a higher energy level to a lower energy level, they must give 


up energy during recombination, 


When recombination occurs, energy is released in the form of heat and light. The 
total external current that will flow is dependent on the number of minority carriers 
adjacent to the junction or transition region of the diode, The number of minority 


carriers is related exponentially to the applied voltage and the temperature. 


Table 8 covers the math involved in determining the current as related to the num- 
ber of minority carriers adjacent to the junction, For our purposes, it is suffi- 
cient that we understand that the application of a forward voltage (negative to N 
type, positive to P type) will result in majority carriers crossing the junction 
where they become minority carriers and recombine. One point that should be re- 
membered when forward voltage is applied, is that after crossing the junction, the 
carriers must diffuse, since they are minority carriers. The total current in the 
external circuit is the sum of the electron recombination current and the hole 
recombination current when forward voltage is applied. It should also be remem- 
bered that the current will vary exponentially rather than directly as the applied 


voltage varies, 


An increase in temperature increases the availability of minority carriers and in- 
creases the current for a given applied voltage. It can be seen in table 8 that 
the relationship of current to temperature is also an exponential function. A 
diode with forward voltage applied and conducting forward current is considered to 
be in its on state. A diode with reverse voltage applied has a small reverse 


current flowing at a given temperature and is considered to be in its off state, 
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Figure 24 shows the application of a reverse voltage to a PN junction. Тһе педа- 
tive side of the voltage source is increasing the negative ionic charge of the P 
material, and the positide side of the bias source is increasing the positive ionic 
charge of the N side. This widens the depletion region and increases the electric 
field or potential difference across the junction. Note in Figure 24 that the 
conduction band of the N material has been moved farther away from the conduction 
band of the P material. The valence band of the N material has been moved farther 
away from the valence band of the P material, reducing the probability of majority 
carriers crossing the junction. Minority carriers (electrons in the P conduction 
band and holes in the N valence band) that enter the transition region with re- 
verse bias applied see a high electric field across the transition region that 
tends to accelerate them into the other side af the junction. Note in Figure 24 
that an electron, on diffusing from the conduction band of P side into the tran- 
sition region would be accelerated across the junction into the conduction band of 
the N side. Once into the N side, it simply becomes a majority carrier and a 
current results in the external circuit. A hole in the valence band of the N side, 
on entering the transition region, sees the high electric field due to the applied 
reverse voltage and [s accelerated into the valence band of the P side. Once into 
the valence band of the P side, the hole becomes a majority carrier and current 
results in. the external circuit. The current, with reverse voltage applied, is a 
result of minority carriers which are accelerated across the junction by the re- 
verse voltage. Reverse voltage opposes the movement of majority carriers across 
the junction, but enhances the movement of minority carriers across the junction. 
Once across the junction, the minority carriers, of course, become majority carriers. 
The reverse current that flows when reverse voltage is applied is dependent on the 
number of minority carriers present adjacent to the transition region in the two 
sides of the diode. The minority carriers are present primarily as a result of 
thermal energy forming hole electron pairs. This current is normally referred to 
as saturation current and given the symbol 1.. A further increase in voltage after 
application of sufficient reverse voltage to cause ali of the minority carriers to 
cross the junction results in no further increase in current. The total reverse 
current is the sum of the electrons in a conduction band of the P side which cross 
the junction and the holes in the valence bend of the N side which cross the junc- 
tion. Table 8 covers the math involved in determining the current with reverse 


voltage applied as well as with forward voltage applied. 
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At this time realize that a current flows with reverse voltage applied and its mag- 
nitude depends on the number of minority carriers available in the two sides of the 
junction. These carriers primarily result from the formation of hole electron 

pairs by thermal energy. The number of minority carriers available relates exponen- 
tially to temperature therefore, the current with reverse voltage applied varies ex- 
ponentially as the temperature varies. A plot of current versus voltage at a given 
temperature develops the curve of figure 25. This figure represents a typical germ- 
anium diode. Equilibrium occurs at the origin (X-Y axis intersection). Applying 
forward voltage results in an exponential curve from the origin extending to 


infinity. Reverse voltage causes a small quantity of saturation current flow (1.). 
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At the point marked A, the total minority carriers available in the adjacent junc- 
tion sides govern current quantity. This is the maximum current at a given tempera- 
ture with a reverse voltage applied. As the reverse voltage is decreased, the cur- 
rent will decrease to 0 and, as forward voltage is applied, forward current wil] 
start to increase on the same exponential curve. This current is formulated math- 
ematically in table 8; however, expressed more simply, the current will change by 

a factor of approximately 2.7 for each 25 millivolts of change in the applied 
voltage. In other words, current will change 2.7 times for a change of 25 milli- 
volts. As an example, assume that Mz is 5 microamps. The current that flows with 
forward voltage applied will change by 2.7 times for each change of 25 millivolts. 
With 25 millivolts applied, we would expect to see 2.7 times l. of forward current 
flow or, in this case, about 13.5 microamps of forward current with 25 millivolts 
of forward voltage applied. With 50 millivolts of forward voltaqe applied to the 
diode, the current will have increased approximately 2.7 times again. We would ex- 
pect to see about 36 microamps with an applied forward voltage of 50 millivolts. 
With 75 millivolts applied, the current will have increased by approximately 2.7 


times again, and we will expect to see about 98,5 microamps. 


The curve that results when plotting current versus voltage is illustrated in 
Figure 25. The curve in Figure 25 follows the exponential that we have just used 
the approximate calculations on. The saturation current is 5 microamps and the 


forward current increases on an exponential with the applied voltage. 


It is well to stop at this point and take note that, with reverse voltage applied 
(netative to P type, positive to N type), a small current will flow termed satur- 
ation current. Saturation current is limited by the number of minority carriers 
available adjacent to the transition region of the PN junction - these minority 
carriers being present primarily as a result of thermal energy. The current that 
flows with a forward voltage applied (negative to N type, positive to P type), is 
a result of majority carriers crossing the junction and becoming minority carriers, 
and subsequently recombining. Majority carriers are electrons in the conduction 
band of the N side and holes in the valence band of the P side, Upon crossing the 
junction, they become minority carriers, diffuse until they find an imperfection, 
and then recombine. The current in the external circuit is governed by the sum of 


the electrons that cross the junction and recombine, and the holes that cross the 
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junction and recombine. The current in the external circuit with forward voltage 
applied is once again governed by the number of minority carriers adjacent to the 
junction. With forward voltage applied, however, the minority carriers are pri- 
marily majority carriers that have crossed the junction and are seeking imper- 
fections to accomplish recombination. With reverse voltage applied, the current is 
limited because there is a limited number of minority carriers available; however, 
with forward voltage applied, the number of minority carriers is increased since 
majority carriers cross the junction and become minority carriers. The current in 
either case is related exponentially to the applied voltage and the temperature. 

At a given temperature, the current can be plotted with respect to the voltage, 
assuming that the current will increase approximately 2.7 times for each 25 milli- 
voltsincrease in applied forward voltage. This is true for either forward or re- 
verse voltage; however, with reverse voltage, the sign of the voltage is negative 
and the result is a negative current. We can say that a forward voltage will re- 
sult in a fairly large current if the applied voltage is sufficient, while a re- 
verse voltage will result in a fairly small current at a given temperature. The 
current with reverse voltage applied will be limited by the number of minority 
carriers available as a result of thermal energy and any leakage current that might 
be apparent in the diode, 


MINORITY CARRIER LIFETIME: 





The average time that minority carriers exist in a material before recombining is 
termed the minority carrier lifetime of the material. With small amounts of im- 
perfections in a semiconductor, the minority carrier lifetime is fairly long. As 
the number of impurities, or imperfections, Is increased, either by doping or some 
other means, the minority carrier lifetime is reduced. The minority carrier life- 
time can be considered a figure of merit for a semiconductor. The longer the 
minority carrier lifetime (i.e.; the average time the minority carriers exist as 
such before recombining), the greater the purity of the semiconductor material. 

As the doping is increased, or some method used to provide recombination traps or 
imperfections in the structure that allow recombination, the shorter the minority 
carrier lifetime, Since the current in a semiconductor diode is dependent on the 
recombination of minority carriers, the minority carrier lifetime becomes impor- 
tant, especially where speed considerations are involved, Recall that when majority 


carriers are allowed to cross the junction, they become minority carriers and must 
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diffuse until they find imperfections and accomplish recombination. While they are 
diffusing and before recombination occurs, they represent a stored charge. In other 
words, these electrons and holes, having crossed the junction, are existing as ex- 
cess carriers in the two sides and represent a charge. If the imperfections or 
impurities near the junction are few, the carriers might have to diffuse for a 
fairly long period of time before accomplishing recombination. The stored charge 
about the junction could be relatively large for a given forward current. If the 
imperfections in the two sides of the diode are many for the same forward current, 
the stored charge would be much smaller, It can be said then that the effective 
charge, stored about the junction of the forward conduction diode, is directly 
proportional to the minority carrier lifetime. The greater the minority carrier 
lifetime, the greater the stored charge for a given forward current. Of course, if 
the forward current is increased, more carriers cross the junction and more carriers 
will be diffusing, searching for imperfections to accomplish recombination and the 
stored charge increases, It is generally considered that stored charge has a linear 
relationship with forward current, |n other words, if forward current were to 


double for a given diode, the charge stored would double. 


Let's stop and review that. For a given diode, the charge stored about the forward 
conducting junction represented by the diffusing minority carriers is directly 
related to the forward current and the lifetime of the minority carriers. The 
greater the lifetime of the minority carriers, the greater the stored charge for a 
given forward current. For a given forward current, the longer the minority 
carrier lifetime and the greater the stored charge. Since the diffusing minority 
carriers must be removed before the diode can go into its normal non or low con- 
ducting state, the stored charge becomes important when a diode is used in fast 
switching applications, since switching from a forward conducting mode to a reverse 


bias mode results in a fairly large reverse current initially. 


Figure 26 shows the carrier distribution for a forward, reverse, and zero bias 
State, Note that the carrier distribution diagram indicates that there are some 
minority carriers existing in the two sides with zero volts applied. These minority 
carriers are primarily the result of thermal energy forming hole electron pairs. 

As forward bias is applied, the number of minority carriers increases greatly in 

the two sides. This 15 a result of forward bias allowing the majority carriers to 


cross the junction and become minority carriers. Note that some of these minority 
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carriers must diffuse well into the opposite side before they accomplish recombin- 
ation, The minority carriers represented by the cross hatched area in the forward 
bias curve in Figure 26 represent the stored charge about the forward conduction 
junction. T is the diode parameter given that relates the minority carrier life- 
time and forward current to stored charge. 'a assumes a linear relationship between 
stored charge and forward current. та is given in pico-coulombs per milliampere 
and when taken as a product with diode forward current (in milliamperes) gives the 


value of diode stored charge (in pico-coulombs). 


DIODE THERMAL CONSIDERATIONS AS RELATED TO POWER DISSIPATION: 


it has already been stated that the current, voltage, and resistance of a semicon- 
ductor PN junction is related exponentially to the temperature. A temperature rise 
at the junction will cause a change in the current, voltage, and resistance of the 
semiconductor junction. The change ín temperature at the junction can be caused 
externally or internally of the diode. A change in the ambient or surrounding air 
temperature will change the temperature of the junction for a given power dissi- 
pation, and a change in power dissipation at the junction will change the junction 
temperature for a given ambient temperature. A conducting junction will generate 
heat since the carriers changíng bands must give up their energy in the form of 
heat and light. Any heat generated at the junction will raise the junction temper- 
ature about that of the surrounding air. At a given temperature, a PN junction 
will no longer serve as a rectifying device. Since the current is related expon- 
entially to the temperature, a temperature limit will be reached where a further 
change in temperature will cause the diode to be essentially a short circuit and 
damage to the circuit or the diode can result, With germanium PN junctions, this 
is typically a 100° centigrade, while with silicon PN junctions, this is typically 
175° centigrade. Depending on the intrinsic material and the type of doping and 
the construction of the device, this may vary above and below the typical values 
given, The diode is normally enclosed in some type of encapsulation or case, and 
there Is opposition to the transfer of heat to the surrounding air. The opposition 
offered in series with the path of heat transfer from the junction to the surround- 
ing air Is related analogically to electrical resistance and is termed thermal re- 


sistance. Thermal resistance is the opposition to the transfer of heat from the 
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junction to the surroundinq air and its dimensions are given in degrees centigrade 
per watt of power dissipation at the junction. In other words, if a junction is 
dissipating one watt of power, the product of this one watt and the thermal resis- 
tance will give the rise in junction temperature above that of its surroundings. 

A diode has a maximum temperature that the junction can reach without damage or 
losing its characteristics. The diode has a thermal resistance that is determined 
by the thermal path from the junction to the surrounding air. The power dissipation 
capabilities of a diode will be limited by these factors. It should be remembered 
that the junction temperature of a conducting diode is always riding on the 
surrounding air temperature and, therefore, the ambient or surrounding air temper- 


ature will also have a part in determining how much power the diode can dissipate. 


In order to determine the temperature of a conducting junction, it will be necessary 
to know the surrounding temperature, how much power the junction is dissipating, 
and the thermal resistance in the path of heat transfer from the junction to the 
surrounding air. The junction temperature will be the sum of the temperature rise 
at the junction due to dissipating power and the surrounding air temperature. 
Since the product of power dissipation and thermal resistance gives the rise in 
junction temperature due to dissipating power, the lower the thermal resistance 
the greater the power dissipation capabilities for a given ambient temperature. 

It should be noted, however, that even if thermal resistance was zero ohms, the 
power dissipation would be limited by the ambient temperature, so there is a prac- 
tical limit to the increase in power dissipation that can be accomplished by re- 


ducing the thermal resistance. 


To determine the maximum power that may be dissipated for a given ambient temper- 


ature when the thermal resistance of the diode from the junction to the surrounding 


air is known, the following formula can be used: T -T 
P = Jmax A 
JA 
P indicates the maximum allowable power dissipation, T indicates the maximum 
max Jmax 


junction temperature of the device under operating conditions, TA indicates the 
ambient temperature, and Од is the symbol given thermal resistance junction to 
ambient. When power dissipation is limited by the total thermal resistance of a 
diode, an external heat sink can be added to aid in transferring the heat to the 


surrounding air, When external heat sinking is added, the total thermal resistance 
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junction to ambient is reduced. An example of heat sinking might be connecting 

the diode thermally to the chassis or to some type of radiating element. Low power 
diodes, switching diodes, etc., do not normally use an external heat sink, and the 
typical thermal resistance might be on the order of 250° centigrade per watt. 
Rectifier diodes and diodes .designed to handle more power might be mounted in ап 
encapsulation that has a heavy stud which can be protruded through the chassis and 
bolted down tight. This allows the chassis to aid in radiating the heat generated 
at the junction to the surrounding air. It is possible using external heat sinking 


to reduce the total thermal resistance down to a few degrees centigrade per watt. 


Figure 27 shows the analogical association of electrical and thermal characteristics 
of a PN junction. A model is shown of the diode in its case in Figure 27, and no 
external heat sinking is being used. The predominate thermal resistances involved 
are the thermal resistance between the junction and the case and the thermal re- 
sistance between the case and the surrounding air; in other words, the opposition 
offered in the transfer of heat from the junction to the case or encapsulation and 
the opposition offered to heat transfer from the case to the surrounding air. The 
sum of the two predominate thermal resistances will give the total thermal resis- 
tance from junction to ambient. Note that thermal resistance is related analogi- 
cally to electrical resistance, while ambient temperature is related analogicatly 
to electrical voltage, and power dissipation is related analogically to electrical 
current. Once these associations have been made, Ohm's Law may be used in solving 


for junction temperature, or maximum power dissipation, etc. 


Since the voltage rises across the thermal resistances are aiding in polarity to 
the ambient temperature, the junction temperature measured from the point shown in 
Figure 27 will be some voltage greater than the ambient temperature. Since power 
dissipation is related to an electrical current, the product of this current and 
the thermal resistances gives the voltage drops across the thermal resistances in 
the analogy. Therefore, the product of power dissipation and thermal resistance 
will give the voltage (or temperature rise) at the junction. This, added to the 


ambient temperature, will give the junction temperature. Expressing this as a 


formula gives: = 
Ty = %e Pa t Oca Pa + TA 
where Tj is the junction temperature, Pa is power dissipation, Ө is the thermal 


resistance junction to case, OCA is the thermal resistance case to ambient, and 
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TA is the ambient temperature. It is well to remember that these formulas are 
possible as a result of relating the thermal characteristics to electrical character- 
istics and using Ohm's Law. The formula for the maximum power dissipation for a 
given ambient temperature and thermal resistance is simply the allowable change in 


junction temperature divided by the thermal resistance, or in formula form: 


AT T - Т 


р >. J allowable b Jmax A 
max Өс + Өсд Ө уд 


As an example, consider a PN junction diode that has a maximum operating junction 
temperature of 100° centigrade and the ambient temperature is 50° centigrade. In 
this case, the total allowable change in junction temperature due to dissipating 
power is the difference in these two temperatures, or 50° centigrade. If the ther- 
mal resistance is 250° centigrade per watt, the maximum power dissipation is 0.2 
watts, or 200 milliwatts. Notice that we did nothing more than divide the change 
in ° centigrade per watt that would occur at the junction into the allowable change 
in junction temperature, and this qave us the maximum power dissipation of the 


junction. 


Let's take another example, only this time let's determine how many ° centigrade 
above the ambient temperature the junction is existing. A diode has a total 

thermal resistance of 25° centigrade per watt and is dissipating two watts of power. 
What is the junction temperature if the ambient temperature is 25° centigrade? 

In this case, the rise in junction temperature is simply the product of the thermal 
resistance and the power dissipation at the junction, Two watts of power times 

25° centigrade per watt indicates. that the junction will be 50° centigrade above 
the surrounding air. Since we have stated that the surrounding air is at 25° centi- 
grade, we would expect to measure 75° centigrade at the junction. Looking at the 
same problem, if we had the ability to make temperature measurements at the junction 
and of the surrounding air, we can certainly determine the thermal resistance of 

the device. Considering the previous problem where the surrounding air temperature 
' was 25° centigrade and the junction temperature was 75° centigrade, we can see that 
the product.of junction current and voltage would give the amount of power we 

were dissipating; in this case, two watts, Dividing two watts into the rise in 
junction temperature above ambient would give us the number of degrees centigrade 


per watt, or the thermal resistance of the junctior; in this case 25? centigrade 
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per watt. The association of the thermal characteristics has simply given us a 
convenient set of tools to work with in dealing with thermal characteristics. We 
are able to use the basic theorems that apply to electrical characteristics and 


calculate the thermal characteristics of the semiconductor junction. 


When an external heat sink is used to reduce the total thermal resistance junction 
to ambient, the rather large thermal resistance case to ambient is shunted by a 
much smaller thermal resistance. Thermal resistance case to heat sink and heat 


sink to ambient will shunt thermal resistance case to ambient and wil! have a much 


smaller value. 


Figure 28 shows the thermal to electrical analogy when an external heat sink is 
used. In this case, a diode with a stud that allows it to be connected thermally 
to the chassis or some external heat sink with a large radiating surface is used. 
If it is necessary to isolate the semiconductor junction electrically from the heat 
sink, a separate electrical insulator must be used between the diode and the ex- 
ternal heat sink, When this is the case, the electrical insulator must have a low 
thermal resistance, or we can say it must have good thermal conducting characteris- 
tics. Note in Figure 28 that the thermal resistance case to heat sink and heat 
sink to ambient has replaced thermal resistance case to ambient, Ambient temper- 
ature is still related analogically to a voltage, and thermal resistance is related 
analogically to electrical resistance. The junction temperature is related analogi- 
cally to a voltage, and power dissipation to a current. Therefore, the analogy re- 
mains the same as previously discussed, and the product of the power dissipation 


and the thermal resistance will give the rise in junction temperature above ambient 


temperature. 


Note in Figure 28 that even if the thermal resistance of the heat sink and the 
connection of the diode to the heat sink were zero, the power dissipation is limited 
by the thermal resistance junction to case. Junction temperature will always be 
greater than ambient temperature by the product of power dissipation and the inher- 
ent thermal resistance. Thermal resistance junction to case is determined by the 
semiconductor device in its encapsulation. Thermal resistance heat sink to ambient 
is determined by the radiating surface of the heat sink, and thermal resistance 
case to heat sink is set by the thermal connection between the device and the heat 


sink. If no electrical insulator is needed, the case of the diode can be connected 
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directly to the heat sink. The chart at the bottom of Figure 28 indicates some 
typical thermal resistances case to heat sink for direct connection and for several 
types of insulating washers. When no insulating washer is needed and the case is 
connected directly to the heat sink, the typical thermal resistance is in the 

order of 0.2? centigrade per watt. Note in the chart at the bottom of Figure 28 
that when silicon lubricant is added, the thermal resistance is reduced to 0,1° 
centigrade per watt. Silicon lubricant is made available by several manufacturers 
and, when applied to the insulating washer or between the semiconductor device and 
its heat sink, reduces the thermal resistance. Reducing the thermal resistance case 
to heat sink, of course, reduces total thermal resistance and allows a higher power 
dissipation for a given ambient temperature. The silicon lubricant has good heat 
conducting properties and fills in the gaps between the semiconductor device and 
the heat sink or insulating washer. Much the same effects can be obtained by using 
an abrasive and highly polishing the surfaces that are going to come together. The 
silicon lubricant minimizes the need for polishing the surface of the semiconductor 


case and the heat sink for good heat transfer. 


When an insulating washer is required, silicon lubricant will still reduce the in- 
herent thermal resistance case to heat sink. Figure 28 lists three typical in- 
sulating washers that are used with semiconductor devices. Note that the thermal 


resistances will be substantially reduced by the application of silicon lubricants. 


It should be brought out at this time that it takes a period of time for the junc- 
tion temperature to change when power dissipation changes. In other words, if we 
were to suddenly increase the power dissipation, it would take a period of time for 
the junction temperature to change to its new value. In order to gain a set of 
tools to deal with the period of time involved in the change in junction tempera- 
ture, a time constant of thermal resistance and thermal capacitance is assumed. 
Figure 29 shows the thermal capacitance in shunt with the thermal resistance of the 
device. To simplify the thermal to electrical analogy, only one thermal capacitance 
is shown in shunt with all three of the thermal resistances in Figure 29. It should 
be remembered that there are individual time constants made up of thermal resistance 
junction to case and it's associated thermal capacitance, thermal resistance case 

to heat sink and it's associated thermal capacitance, and thermal resistance heat 
sink to ambient and its thermal capacitance, To keep the model as simple as we can 


and still have tools to work with, we have assumed one thermal time constant of 
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THERMAL TO ELECTRICAL ANALOGY 
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total thermal resistance in shunt with thermal capacity. 


Thermal capacity is given in dimensions of watt-seconds per degree centigrade. The 
product of thermal resistance in degrees centigrade per watt and thermal capacity 

in watt-seconds per degrees centigrade will give a resultant time. The time, as 

a result of taking the product of thermal capacitance and thermal resistance will 

be one thermal time constant. Assuming that, at time zero, there is no power dissi- 
pation and suddenly the diode is caused to conduct resulting in a power dissipation, 
it will take approximately five thermal time constants for the change in junction 
temperature to occur. Іп other words, when we start dissipating power, it will take 
about five thermal time constants for the junction temperature to get to its final 
value above the surrounding air temperature. We can also say that, if the junction 
temperature is at some level above ambient temperature and the power dissipation is 
removed or reduced, it will take approximately five thermal time constants for the 


junction temperature to reach ambient once again. 


Let's stop and take stock for a moment. First of all, the thermal characteristics 

are related analogically to electrical characteristics to give a set of tools to 

work with when dealing with thermal characteristics, Once the tools have been 

gained, the basic electrical theorems can be used_to solve problems dealing with 
thermal characteristics. First of all, thermal resistance and power dissipation, 

being related analogically to current and resistance, allows junction temperature 

to be calculated as a voltage at some potential difference above ambient tempera- 

ture. This also allows the calculation of the maximum power dissipation for a 

given thermal resistance and ambient temperature. Transposing the formulas involved 
allows the calculation of any one quantity when the other two are known. When ex- 
ternal heat sinking is used, the total thermal resistance is reduced. Thermal 
resistance case to ambient is replaced by a lower thermal resistance made up of a 
thermal resistance case to heat sink and heat sink to ambient. Silicon lubricant 

added between the diode and the heat sink, or to the insulating washer when it is 
required, reduces the total thermal resistance. If it is necessary to deal with 

the time involved in the temperature change at the junction, another component is 
added and termed thermal capacitance. Thermal capacitance is given in watt-seconds per 
degree centigrade. The produce of thermal capacitance and the thermal resistance gives 
a time constant that will allow us to deal with the time involved in the change of 


junction temperature when power dissipation changes. It might be difficult at this 


time to see the need for thermal capacitance; however, we will deal with thermal 


capacitance when we deal with pulse power effects. 


CALCULATING A REQUIRED HEAT SINK: 


Tables 10, 11, and 12 plot the thermal resistances in typical metals for a variety 
of areas and thicknesses, Using these charts, the size of the heat sink required 
to give us a specified thermal resistance when dealing with a semiconductor device 
can be determined. As an example, consider table 10, Suppose the required thermal 
resistance is 4° centigrade per watt or less. Looking at the horizontal plot in 
table 10, find 4° centigrade per watt. Next find where the line indicating 4° 
centigrade per watt intersects one of the curves. Notice that it will intersect 
the 1/4'' thickness aluminum plate and the 1/8!" thickness aluminum plate. Taking 
the point of intersection with the 1/h" aluminum plate and moving to the left, the 
graph indicates that it will take over 70 square inches of dissipating area in 
order to give a thermal resistance of 4° centigrade per watt. Dealing with 1/8" 
plate in table 10 and finding the point of intersection with the 4° centigrade per 
watt curve, it would require around 180 square inches of dissipating area in order 
to give a thermal resistance of 4° centigrade per watt. When thinking of heat 
sinking a diode or some other semiconductor device, one might first determine the 
type of insulating washer that is going to be used (if it is required), and the 
table at the bottom of Figure 28 gives the typical thermal resistance case to heat 
Sink. The manufacturer normally lists the thermal resistance or thermal conductance 
(which is simply the reciprocal of thermal resistance) for the semiconductor device. 
Knowing the amount of power the device is going to dissipate, and what ambient tem- 
perature is expected, the maximum allowable thermal resistance of the heat sink 
could be calculated. Tables 10, 1l, or 12 could be used to determine how much 


dissipating area would be required to hold the thermal specifications. 


In order to calculate the required thermal resistance of the heat sink, we might 


take the formula: 


Lom z: TA 
όν Š е 
JA 
and transpose it to solve for thermal resistance: 
Ө Т пах i Fa 


JA Ғ nie 


49 


Total thermal resistance is equal to the sum of the individual thermal resistances 


Өд = Ye * ws + Osa 
and, therefore, the thermal resistance of the heat sink Is equal to: 


Ө 


Əsa = 9j 7 9jc 7 %s 


In terms of temperature and power dissipation, the thermal resistance of the heat 


sink is equal to: 


T -T 
ө -|-ітах Аф ϱ -Ө 
SA” P JC CS 
Dmax 
In other words, if the allowable change in junction temperature is divided by the 
maximum power that it is expected to dissipate, total thermal resistance is ob- 
tained. Subtracting the known values of thermal resistance from the total allows 
the calculation of the maximum allowable thermal resistance of the heat sink, 
Tables such as shown in table 10, 1], and 12 might then be used to determine the 


total dissipating area required to give the desired thermal resistance. 


Size limitations might require that the heat sink be of some configuration that will 

give the required radiating area and yet hold it to a small size, Some manufacturers 
have come forth with heat sinks with radiating fins. This allows the radiating area 

to be larger while keeping the size small. Some chassis on which the devices are 


mounted are vented or finned to increase the radiation surface. 


It has not been stated as yet, however, the considerations that we are presently 
covering apply to all semiconductor junction devices and include all types of diode 
devices and transistors. Although we are more accutely aware of the thermal con- 
siderations and limitations with higher power devices, it is well to remember that 
these considerations apply to low power devices as well. Any semiconductor device 
will have its maximum power dissipation limited by the surrounding air temperature, 
the total thermal resistance and the maximum operation temperature of the junction. 
Changes- in temperature at the Junction as a result of power dissipation as well as 
changes in the surrounding air temperature will change the currents and voltages 
associated with the device. In diode devices, the predominant effects are changes 
in the leakage or saturation current of the diode with reverse voltage applied, 
changes in the voltage across the diode with forward voltage applied, and changes 


in the voltage across the diode when the diode is in a reverse breakdown condition. 
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FIGURE 30 


Fiqure 30 is a voltage versus current curve for a semiconductor diode with forward 


and reverse voltage applied. The solid curve indicates the characteristics at 25° 
centigrade, and the dotted curve indicates the characteristics at ]00° centigrade, 
You will note that with forward voltage applied, the forward d-c resistance and the 
forward d-c voltage decreases with an increase in temperature. With reverse voltaqe 
applied, the d-c resistance of the diode decreases with an increase in temperature 
and the reverse or saturation current increases. The voltage across the device in 
its reverse breakdown condition, however, increases with an increase in temperature, 
This, of course, is assuming that the diode is in an avalanche breakdown condition 
and, therefore, we show the breakdown occuring above 6 volts. A temperature can be 
reached at which the device starts losing its characteristics and a decrease in the 
reverse d-c voltage across the diode can be observed. Within the normal operating 
temperatures of the device, we can say that the forward d-c resistance and voltage 
varies inversely as temperature varies; therefore, the forward voltage and resis- 
tance characteristics of a semiconductor diode have a negative temperature coeffi- 
cient of voltage. The reverse 4-с resistance of a semiconductor device not in ἃ 
reverse breakdown mode can be said to vary inversely as the temperature varies. 

The reverse d-c resistance decreases as the temperature increases, This is a re- 
sult of the formation of more hole electron pairs with an increase in temperature, 
increasing the number of current carriers available and decreasing the resistance 


of the device. When the semiconductor device is im an avalanche breakdown mode at 


(= 


greater than 6 volts of reverse voltage, the d-c voltaqe across the device will in- 
crease with an increase in temperature, If the device is doped heavily enough to 
have it operating in the tunnel breakdown mode, an increase in temperature will 

cause the voltage across the reverse biased diode to decrease. Showing the breakdown 
voltage to be above 6 volts, we can then refer to the voltage of the device in 
breakdown as havinq a positive temperature coefficient of voltage. It should be kept 
in mind that the temperature change as indicated here can originate externally or 
internally of the diode. Internal temperature changes as a result of power dissi- 
pation and external temperature changes as a result of a change in the surrounding 


air temperature, 


PULSE AND SWITCHING THERMAL CHARACTERISTICS: 


To this point, the discussion about diode thermal considerations has related to 
steady state power dissipation. If the diode or transistor, as the case may be, is 
responding to pulses or operating in a switching mode or configuration, the steady 
state power dissipation may be small or even considered to be zero. Considerable 
power may be dissipated during the time of switching, however. The amount of time 
that the diodes spend dissipating a given amount of power starts to become important. 
The thermal capacitance previously discussed and the thermal time constant of the 


device come into play. 


Consider a diode that is initially off, but has a pulse applied that will turn it 
on to a fairly high current for a short period of time and then allow the diode to 
return to an off state once again. The diode in the off state might be dissipating 
very little or no power at all, but when turned to its on state, can be dissipating 
a considerable amount of power. If the diode is allowed to remain in the on state 
for five thermal time constants, the temperature of the junction will reach a tem- 
perature given by the product of the peak power dissipation and the device's 


thermal resistance, plus the ambient temperature, ог: 
T, = Pareak JA + Та 


is the power dissipation in the on 


where T) is the junction temperature, Ses 
state, Од is the total thermal resistance of the device, and Ta is the ambient 
temperature. It is well to note, however, that if the diode does not stay in the 


on state for the full five thermal time constants, the temperature of the junction 
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will be somewhat less than this, ІҒ the junction is then allowed to cool for five 
thermal time constants, when the next pulse appears, the junction will once aqain 
require five thermal time constants to reach the temperature set by this value of 
peak power. If it is not allowed to cool for five thermal time constants, it will 
be at some temperature above the ambient temperature at the time the pulse is 
applied, and will start heating on an exponential time curve towards its maximum 
value again. From this, it can be seen that the duty cycle will also play a part 
in governing the temperature of the junction as related to peak power when dealing 
with pulses. It is possible, under certain conditions, to handle considerably more 


peak power than steady state power for a given diode and ambient temperature. 


The ratio of the peak power dissipation capabilities of the junction with respect 
to its steady state power dissipation capabilities is termed the coefficient of 
power of the diode. Steady state or d-c coefficient of power is, of course, unity. 
This would be referred to as a 1004 duty cycle. If the pulse width is very narrow 
with respect to the thermal time constant of the device, the coefficient of power 
is essentially the reciprocal of the duty cycle. In other words, a 10% duty cycle 
has a coefficient of power of 10 (assuming the pulse widths are very narrow with 
respect to the thermal time constant). With a coefficient of power of 10, we would 
expect to be able to dissipate lO times the peak power as the diode could dissipate 
as steady state power. Carrying this farther, if the duty cycle were 1% (still 
assuming that the pulse width is very narrow with respect to the thermal time con- 
stant), we would expect the diode to be able to dissipate 100 times the peak power 
than it could dissipate as steady state power. If the pulse is a single transient 
(absolutely non-reoccuring), the coefficient of power is equal to the thermal time 
constant divided by the pulse width: TJA 


C = Фу 
PJA T På 


where Суд is the coefficient of power, THA is the thermal time constant, and Р 


pulse width. 


Consider a diode with a thermal time constant of 50 milliseconds, the thermal time 
constant being determined by the product of thermal capacitance and thermal resistance. 
If a single non-reoccuring transient with a pulse width оҒ 0,1 milliseconds is 

applied to the diode, the diode should be able to dissipate 500 times the power that 


the diode could dissipate if it were steady state power. If the non-reoccuring 


қта κ. Μια... κ. 
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transient has a pulse width of one millisecond, the diode should be able to dissi- 
pate fifty times the power it could if the power were steady state, and so forth. 


When the pulse is re-occuring, the duty cycle must be taken into account. The co- 


efficient of power is no longer the ratio of the thermal time constant to the pulse 


width when the pulse re-occurs. 
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Figure 3! may be used to determine the coefficient of power when the duty cycle 
must be taken into account. The horizontal in Figure 31 is a plot of the ratio. of 
pulse width to the thermal time constant, and the vertical lists the coefficient of 
power, The running parameter is duty cycle. Note that, with an absolute non- 
reoccuring pulse, the slope of the line is essentially the ratio of the thermal 
time constant to the pulse width. In other words, to find the coefficient of power 
when the duty cycle is zero, simply divide the thermal time constant by the pulse 
width. Note that when the pulse width is very narrow with respect to the thermal 
time constant, the coefficient of power is essentially the reciprocal of the duty 
cycle. А 10% duty cycle gives a coefficient of power of ten. We can say that, if 
the pulse width is very narrow with respect to the thermal time constant, the 10% 
duty cycle would allow ten times the peak power than the power that could be dissi- 


pated if it were steady state power, 


Let's apply Figure 31. Assuming the diode has a thermal time constant of 100 


milliseconds, the line marked ] on the horizontal in Figure 31 indicates the point 


5h 


Ж 
at which pulse width and thermal time constant are equal (72 = ) . The horizontal 
W 


designations in Figure 31 are as follows. The line marked | = ТА’ 10 =0.1 TJA? 


-2 
197 = 0.01 эң 


д, etc. In other words, if pulse width is 0.01 TJA? the line marked 
1072 would be used, For a 2 millisecond pulse width, we could expect a coefficient 


of power of 50 if the pulse is absolutely non-reocurring, Looking at the horizontal 

in Figure 31, finding the line representing a pulse width of 2 milliseconds (0.02 ТА), 
we find that it intersects the 0% duty cycle at a coefficient of power of 50. This 
verifies the scale and we can not proceed to determine the coefficient of power for 

a given duty cycle, Assume the same pulse width in Figure 31, but assume that the 
pulse reoccurs with a 104 duty cycle. The coefficient of power (Co ja) is reduced to 

10 when the duty cycle is 10%. With very narrow pulse widths with respect to the 
thermal time constant, assuming the reciprocal of the duty cycle to be the coefficient 
of power will give а good approximation. To use Figure 31 in conjunction with any 
semiconductor junction that has a thermal time constant, simply substitute the junction's 
time constant in as TJA? and proceed to solve for coefficient of power for the pulse 
width and duty cycle involved. We can solve for maximum steady state power dissipation 
using the formula: T - TA 


p + Jmax 
Dmax 6 ΙΑ 


We can find the coefficient of power using Figure 31 if there is no steady state 
power dissipation, Peak power is found by simply taking the product of maximum 


steady state power and the coefficient of power, or: 
P = P С 
Ртах Dmaxss PJA 


Then substituting the formula for maximum steady state power, we get 


p = (ав 7 2) C 
Pmax Ө рд РЈА 


мһеге Р 
Ртах 


temperature, TA is the ambient temperature, Bi, 15 the total thermal resistance, 


is the maximum peak power, Т Зады is the maximum operatinq junction 


and Суд is the coefficient of power. 


If the device is quiescently operating at some steady state power dissipation be- 


fore the pulse is applied, the steady state power dissipation must be taken into 


A ss "JA 


Ө 


account. The formula for maximum peak power becomes: P 
Құ Ө ): 
m PJA 


779 Ë 


km. = 


іл 
un 


where P 


TA 


the total thermal resistance, and Cp ja is the coefficient of power. Note in the 


is the maximum peak power, T is the maximum junction temperature, 
Pmax Jmax 


is the ambient temperature, Ке is the steady state power dissipation, OA is 


formula that the product of кы апа Од simply gives the rise in junction tempera- 
ture as a result of steady state power dissipation. Subtracting this from ая 
takes care of the rise in junction temperature as а result of dissipating steady 
state power. The total allowable chanqe in junction temperature is then divided 

by the total thermal resistance. The product of this quantity and the coefficient 
of power gives the maximum peak power when there is steady state power to take into 
account, Keep in mind that this is still simply the total allowable chanqe in 
junction temperature divided by the total thermal resistance and modified by a 


coefficient of power when dealing with pulses. The formula below illustrates this: 


р = atj allowable C 
Pmax Ө PJA 


JA 


= Т, =. р 


мһеге АТ A чи Од 


J allowable ^ Таман 


It is evident that a significant increase in the power dissipation capabilities of 
a semiconductor device can be accomplished when dealing with pulses and switching 


if proper precautions are taken. 


Let's stop and review for a moment. When dealing with steady state power dissi- 
pation, the allowable change in junction temperature divided by the thermal resis- 
tance determines the amount of power that may be dissipated. When dealing with 
pulses or switching applications, the thermal time constant of the semiconductor 
device must be taken into account. Since it will take five thermal time constants 
for the heating effect at the junction to take place, greater power can be dissi- 
pated on peaks than might be dissipated in a steady state condition. This assumes 
that the junction does not get a chance to heat to its final value. If the pulse 
is absolutely non-reoccuring, the coefficient of power is essentially the thermal 
time constant divided by the pulse width. When the pulses do re-occur, the junction 
does not get a chance to completely cool before another pulse is applied, and the 
duty cycle must be taken into account. To take into account the duty cycle, we 
plot pulse widths as a fraction of thermal time constant against coefficient of 
power and let duty cycle be the running parameter. We can then determine the co- 


efficient of power for a switching application and determine the peak power that 
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the diode can dissipate for a given pulse width and duty cycle. If steady state 
power must be taken into account when dealing with pulses, we simply calculate the 
heating effect due to stady state power dissipation and subtract this from the 
allowable change in junction temperature. In the formula for peak power when 
steady state power is also being dissipated, the heating effect due to steady state 
power dissipation is simply subtracted from the total allowable change in junction 


temperature, We should also keep in mind that these same approaches can be applied 
to transistors and other semiconductors devices and are not just limited to diodes 


or diode devices. 
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QUESTIONS FOR SECTION | 


Study each question carefully, including any diagrams provided, and select the most 
correct answer. 


|: 


Electrons exist in energy levels about the nucleus of an atom. An electron 
that gives up some of its energy will move to an orbit to/from the 
nucleus. 


a. farther 

b. 90 degrees 

c. 45 degrees 

d. closer 

e. at right angles 


Atoms in structures are bonded toqether in the band. 


. conduction energy 
valence energy 
nucleus energy 
kinetic energy 

. forbidden energy 


ооо сш 


Atoms in structures can be excited by heat energy. This moves electrons from 
the band to the band. 


valence, conduction 

. valence, forbidden 
conduction, valence 
conduction, forbidden 
forbidden, conduction 


ооо со 


Тһе band дар between the valence and conduction band is in 
conductors and in insulators. 


wide, narrow 
filled, empty 
narrow, wide 
empty, narrow 
filled, narrow 


ANT 


Atoms bonded tightly inapure covalent bond structure provide carriers of 
current at room temperature due to energy forming 


a. electrical 
high field emission 


b. kinetic 

accelerated proton action 
c. heat 

fermi tunneling electrons 
d. heat 


hole-electron pairs 
e. electrical 
high potential deceleration 
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ll. 


Heat energy lowers the resistance of a pure covalent bond structure by 
providing | as current carriers. 





holes and electrons 
. electrons, not holes 
holes, not electrons 
. free excited protons 
. free light photons 


тътагс та 


Electrons moving between energy bands in a structure must take on or give up 
energy. The electron qives up its enerqy in the form of 


a. Kinetic energy 
b. heat 

с. light 

d. both b and c 
e. both a and b 


Doping intrinsic semiconductor with donor impurities results in forming 
type semiconductor. 


я. P 
D.. В 
c. P and N 


d. junction 
e. intrinsic 


Doping intrinsic semiconductor with acceptor impurities provides 
as majority current carriers. 


a, electrons 
b. photons 
c. рһопоп5 
d. holes 


e. protons 


At room temperature (25°C), there will be as current carriers in 
N type semiconductor. 


a. electrons 
b. holes 

c, phonons 
d. photons 


e. both a and b 


Doping a pure semiconductor with donor impurities provides current carriers as 


a result of the doping process that will travel in the enerqy 


band of the material. 


a. valence 

b. equilibrium 
c. fermi 

d. conduction 
e. lowest 


—— — 


-— жне (ннен LI на ы 


An increase in temperature will provide more as current carriers 
in P type semiconductors. 


electrons 

holes 

both a and b 

both a and b but more of b 
both a and b but more of a 


oan wa 
т % 6 99 р 


The N and P properties of doped semiconductors are not lost due to forcing 
electrons in or out of the material since the dopent atoms are immobile and 
become 


hole-electron pairs. 
ions 

thermally excited. 

. charged 

either b or d 


она со 


Forcing electrons into P material without a path for them to leave results 
іп forming 


positive ions 

. negative ions 

neutral atoms 

+ no charge 

e. a state of equilibrium 


а о со 


The fermi level is the - electron probability level and exists 
the valence and conduction bands in an intrinsic semiconductor. 


100%, near the bottom of the band gap between 
0%, midway in the band gap between 

50%, near the top of the band gap between 
504, midway in the bandgap between 

100%, near the top of the band gap between 


оао со 


The energy Бапа diagram shown indicates type semiconductor. 


⁄ ONDUCTION BAND 










>- 
се з FERMI LEVEL PG а b GAP 
и. P = 
b. intrinsic 
c. either a or b 
а, М 
e. either a or d 
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17. 


20, 


The energy band diagram shown is a semiconductor material which has had 


inpurities added. 


И. сомбубт (с вм, 


FERMI LEVEL | эло GAP 
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a. acceptor 

b. donor 

c. N type 

d. P type 

e. either a or d 
f. either b or c 


When a PN junction is formed, recombination of holes and electrons takes 
place until is reached (with no external energy applied). 


a. tunneling 

b. avalanche 

c. equilibrium 

d. zener breakdown 
e. carrier lifetime 


The diagram shown indicates a PN junction with | bias applied. 





ENERGY 


Қош 


0 

forward 
reverse 

high reverse 
either c or d 


oan ow 


In the diagram in question 19, the P material is on the and the N 
material is on the of the junction shown. 


. left, right 
top, bottom 
bottom, top 
right, left 


с.о та) 


-<----- 


"4 


22. 


23. 


24. 
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The battery in diagram (a) would result in carriers crossing 
the junction and the energy band diagram in diaqram ; 


CONDUCTION BAND 





majority, (c) 
minority, (b) 
. minority, (c) 
majority, (b) 


ао со 


The external current due to the application of the battery of the polarity 
shown in the diagram (assuming insufficient voltage to cause breakdown) are 


the result of carriers crossinq the junction. 


Е 


а. majority 
b. minority 


The current that flows when reverse bias is applied is primarily carried by 
carriers which are present as a result of (after any stored 
charge has been removed). 


the formation of hole-electron pairs 
. doping 

heat energy 

added impurities 

either a or c 

either b or d 


то ап со 


Holes from the P side and electrons from the N side cross the junction when 
bias is applied, 


a. forward 
b. reverse 
c. either a or b 
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25. 


26. 


27. 


28, 


29. 


The resistance of a reverse biased diode that is not in a breakdown condition, 
varies š 


a. directly with temperature 

b. inversely with temperature 

c, not at all with temperature 

d. sometimes a, sometimes b 

e. the surrounding air temperature 


There are two distinct types of breakdown with reverse bias applied, They 
are and e 


a. avalanche, zener 

b. Zener, tunneling 

с. zener, thermal 

d. tunneling, avalanche 
e. either aor d 


The voltage across the terminals of a diode in avalanche breakdown varies 
as temperature varies and the voltage across the terminals of a 


diode in breakdown varies as temperature varies. 


a. directly, zener, directly 

b. inversely, tunneling, directly 
с. directly, zener, inversely 

d. inversely, zener, directly 

e. either b or d 


An increase in temperature -- the voltage level at which tunneling — 
occurs and an increase in temperature the voltage at which 
avalanche occurs. 


a. reduces, increases 
b. increases, increases 
с. reduces, reduces 

d. increases, reduces 


The curve shown is a voltage versus current curve for a semiconductor diode. 
Point (a) is about volts for a silicon diode and about 
volts for a germanium diode. 
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30. 


3% 


3⁄2, 


33. 


34. 


Carriers recombining in a junction diode release heat energy. The maximum 
temperature the junction can reach without damage limits ` 


. forward voltage times current 

reverse voltage times current 

forward and reverse power dissipation 
all of the above 

. none of the above 


пап со 


The opposition offered in the path of heat transfer is termed 
and the symbol assigned is O, 


a. radiation resistance 
b. heat sink 

с radiation conductance 
а. thermal resistance 

е. thermal radiation 


A junction diode has the following thermal characteristics: Ө - 0,89 С/М, 
Өг; = 0.6° С/М, Өг, = 1.6% С/М, Ty max = 150° C, Th = 60°C. What is the 
maximum allowable power dissipation at the junction. 


a. 3 watts 
b. 10 watts 
с. 90 watts 
ᾱ. 9 watts 
e. 30 watts 


Forward bias applied to a junction moves majority carriers across the 
junction, Once across the junction, these carriers become ° 


. recombined 

minority carriers 

holes 

current in the external circult 
majority carriers 


оао со 


Majority carriers that have been moved beyond the junction by forward bias 
must find impurities before they can recombine. Once across the junction 
and before recombination occurs, the carriers are existing as 

carriers and result in a about the junction. 


majority, stored charge 
. electron, ionic charge 

minority, stored charge 
. majority, ionic charge 

hole, stored charge 


oan σω 


35. 


36. 


37. 


38. 


39. 


40. 
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The amount of stored charge about the junction is determined by the amount 
of forward current and the e 


minority carrier lifetime 
majority carrier lifetime 
junction width time constant 
thermal time constant 

„ minority carrier time constant. 


πο ο то 


In figure 31A, the lines indicating holes in the P side and electrons in the 
N side extend into the opposite sides of the material indicating the existence 
of in the two sides of the junction. 


a. current flow 

b. minority carriers 

c. majority carriers 

d. a thermal resistance 

е. а thermal time constant 


The solid and dashed lines in figure 318 show that more holes and electrons 
have been moved across the junction with forward bias applied. These carriers 
are existing as carriers, and represent a 

about the junction, 


a. majority, ionic charge 

b. majority, stored charge 

ο. minority, thermal charge 

d. minority, stored charge 

e. majority, depletion region ve 


In figure 31C, the area about the junction is depleted of carriers as a 
result of applied reverse bias. To change from the condition in figure 31B 
to the condition in 31C, the must be removed, 


a. donor impurities 

b. bias source 

с. Stored charge 

d. impurities near the junction 
е. tons in the two sides 


Impurities may be added near the junction to reduce the and the 
for a given forward current. 


minority carrier lifetime, stored charge 
majority carrier transit time, junction voltage 
junction voltage, power dissipation 

junction voltage, junction temperature 


oon ov 


у" is given in per and can be used to calculate 


. pico-farads, volt, junction capacity 
pico-coulombs, milli-ampere, stored charqe 
nano-seconds, centimeter, risetime 
pico-seconds, pinch, recovery time 


со vc Uu 
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TABLE 1 


HOLE ELECTRON PAIRS IN INTRINSIC SEMICONDUCTORS 


Considering an idealized intrinsic semiconductor with no added impurities, 


where n, - density of free electrons in intrinsic material and P; = density of free 


holes in intrinsic material 


ENERGY 





Where: 
e, = energy at the bottom of the conduction band 
e = energy of an electron in the material 

е + fermi energy level 

€> = energy at the top of the conduction band 
[Ds] - electron density states in conduction band 


Boltzmann's constant = 1.38 х 10723 joules/°K 


K = 
z T = temperature 
Е = 2.718 


Evaluating the integral with assumptions: 


үт 2π m. RT. 342 2 е, - е.) 
- „2 KT 


€ 


27 


where: h = Planck's constant = 6.6254 x 10 “’ erg/sec 
m 


E mass of the electron 


Since the n, = P; the number of holes is given by: 


27m m KTN 3⁄2 T 
xix P een лена VEM те) 
2 
h KT 
€ 
where: еҙ - the energy at the top of the valence band 


mass of the holes 


od Ὦ 
il И 


Planke!s constant 
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TABLE I (continued) 


Since in pure semiconductor, the Fermi level (e) is midway between the top of the 
valence band and the bottom.of the conduction band (е, апа ej)» the product of 
n; P; is related exponentially to the band gap width between the valence and 


i 
conduction band as shown by: 


Жек 2 κ αν 
Ei T Ma Tp е ҚТ 


Lumping the constants for a qiven material 


22-4 - (еу - еҙ) 


n p, =n, = Бат š KT 


- (e, - ej) 
e | 3 
Ts = Pp = OT €^ 2 KT 


Where: С = the constant of proportionality for the given material, 
At room temperature (25°C): 


p; = n; = 2.5 x 1013 са? (for qermanium) 


p; = n; = 6.8 х 1010 спо (for silicon) 
np Poo 
n; = 6.25 x 1026 op" (for germanium) 


"t T. (for silicon) 


п. = 4.62 x 10 
Typical constants of proportionality (C in the formulas) are: 


C (silicon) + 4,74 x 1022 


C (germanium) % 1.76 x 1922 


The number of hole-electron pairs at room temperature is typically: 


Э. 29 


Germanium = 2.5 x 10 cm 


10 


Silicon = 6.8 x 10 єй? 
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TABLE | (continued) 


The number of atoms in a cubic centimeter is: 


Germanium = 4,42 x 1022 ein? 


Silicon = 4.99 x 1022 єй” 


From this it can be seen that qermanium at room temperature has less than one 
electron in the conduction band per billion germanium atoms and that there is a 
factor of 102 difference in the free electrons in intrinsic germanium as opposed 


to silicon at room temperature. 


TABLE 2 
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CHARACTERISTIC GERMANIUM (Ge) SILICON (Si) GALLIUM ARSENIDE(GaAs) ' 









Melting Point in °C 937 1415 
Density in grams /CM3 
at 25°C 5.32 2.33 






Atomic Weight 





Dielectric Constant 
(Air = 1) 












Intrinsic Resistivity 
(25°C) in Ohms/CM3 






Band Gap Energy (ej-e3) 
in Electron Volts 














Lattice Constant 
in Angstrom Units 


Number of Atoms/CM3 


Electron Lattice (un) 
Mobility CM2/ 
volt-sec (25°C) 


5.657 


4.42 х 1022 














Hole Mobility (ир) 
|CM2/volt-sec (25°C) 


== 


Electron Diffusion (Dn) 
Constant, CM“/sec (25°C) 






Hole Diffusion (Dp) 
Constant, CM?/sec (25*C) 


Thermal Conductivity 
in Watt Units 


Thermal Coefficient 
of Expansion/*C 


16 25 | b 


4.43 x 1022 


10,000 


432 


5.9 x 10" 
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TABLE 3 


The Fermi level or Fermi energy is defined here as the 1/2 or 50% carrier occupation 
probability level. Thus defined we can write an equation for the probability that 


a given energy level is occupied by a carrier as: 


| 
Же) "te eo) 


KT 2 


where f, = electron probability function 


e = energy of the electron in the material 
e, = fermi energy level 
K « Boltzman's Constant = 1.38 x 10723 joules/?K 


Temperature ~ °K 


The placement of the Fermi level in an energy band diagram is found by taking the 

product of the probability function and the density of state function, If the den- 

sity of electrons in the conduction band is equal to the density of holes in the 

valence band, the Fermi level exists midway in the band gap between the top of the 

valence band and the bottom of the conduction-band. This is the case with intrinsic — 


semiconductors. ( 


е, - е.) 
(intrinsic) e, = —— + ез 


where e, = energy at the bottom of the conduction band 


energy at the top of the valence band 


Е 


е 
о 


Fermi level 


If the number of electrons in the conduction band is greater than the number of 
holes in the valence band, the Fermi level is somewhat above the center of the band 


gap (ει - еҙ). This is the case in N type semiconductors. 
If the number of holes in the valence band is greater than the number of electrons 
in the conduction band, the Fermi level exists somewhat below the center of the 


band дар (е, - ej). This is the case in P type semiconductors. 


Taking the product of the density function and the Fermi probability function, the 


— — c —— i 


TABLE 3 (Continued) 


number of electrons Їп the conduction band can be calculated by: 


бә о, ] е 
" € T +] 
where n. = number of electrons in the conduction band 
e) = energy at bottom of conduction band 


e energy at top of conduction band 


27 
еҙ = energy at top of valence band 
e = energy of electron in the material 
[ος] = density of states in the conduction band 
K = Boltzman's Constant 


T = Temperature 


The integral of this is evaluated in Table l. 
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TABLE 4 


The current in semiconductors can be expressed as: 


Current = number of charge carriers x charge per carrier x average velocity per 
carrier 


For electrons as carriers: 


| 5 πι αυ 


and for the holes as carriers: 


| = р; 9 Va 


where | = current 
п; = number of electrons 


19 


q = electronic charge = 1.6 x 10 7 coulomb 


i = number of holes 
"n = average velocity of the electron in the material 


“> = average velocity of the hole in the material 


and where both holes and electrons are present: 


lon ди + р; Чи 


i n p 


The average velocities of electrons and holes сап be expressed as the average 


velocity per unit of electric field, 


Un 7 ET 
= E 
р © Сир 


where y, = average velocity of electron 


is, ^ average velocity of hole 


E = applied electric field 
un = average velocity of electron per unit electric field 


ир = average velocity of hole per unit electric field 


and the equation for current can be: 


Ге (п ди t Pj q и) Е 
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TABLE 4 (Continued) 


Conductivity is defined as: 


ct 
9 SE 


therefore 
(пан + Р. чи ) Е 
ο απο κα + 
q = E T fg 4". p; ЯН, 


μι апа μα are referred to as the mobility constants and have dimensions of: 


1,350 CM /volt-sec 


Silicon = 
4 2 
р, = 480 СМ /volt-sec 
Germanium м. = 3,900 CM*/volt=see 
μα = 1,900 Маде 


10,000 CH? /volt-see 
= 450 GN ЛАЙЫ ай 


II 


Gallium Arsenide H 
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TABLE 5 


ELECTRONS AND HOLES IN N AND P TYPE SEMICONDUCTORS 


From Table 1, the formula for the density of electrons and holes in intrinsic semi- 


conductor was reduced to: -(е, - еҙ) 


Pr = πι = ст3/2 қ 2KT 
and the product of the two: 
- (e - еҙ) 


пр. = n? ы c? 13 e KT 


The product of n, and р; is dependent on the width of the band gap and the tempera- 
ture, but not the placement of the Fermi level. 


The recombination rate is given as апр 


where @ = proportionality factor for the particular material 


n = free electrons (n, in intrinsic) 


p 


free holes (p; in intrinsic) 


There is the thermal generation of hole-electron pairs and the recombination of hole- 
electron pairs. Stating the density of holes or electrons is the same as stating 

the recombination rate. At any given temperature, there is a density of holes and 
electrons at which the recombination rate (anp) equals the thermal-generation rate 
(GT). This density is the thermal equilibrium density, and for thermal equilibrium 


in intrinsic semiconductors: 


ha ra 
GT - a nip, = «п, 
GT = еп, 
2 GT 
He = a 


-(q E 
n. = ст3/2 dt 
! è 2KT 


where q = charge on the electron = 1.6 х 10719 cou lomb 


E = band- ] - 
ы and-gap voltage (ει ез) 
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TABLE 5 (Continued) 
In doped semiconductor, the recombination rate becomes: (N material as an example) 
апр - αΝ р 


where N. = number of donor impurity atoms. 


The density of donor atoms is such that the density of free electrons is approxi- 


mately determined by the density of donor atoms and at thermal equilibrium. 


GT sen,” Ξ ΑΝ р 
| п 


The recombination process dominates the qeneration process and the density of free 


holes is reduced while the density of free electrons is increased so that: 
2 23 -(4Е) 
PLETTEN La 
е КТ 


where п, = free electrons in N type semiconductor 


Ph free holes in N type semiconductor 


il 


The number of free electrons іп N type material is essentially equal to the number 
of donor atoms added in the doping process, while the number of free holes is re- 


duced over intrinsic at a given temperature: 


The same can be said for P type semiconductor, except that holes are in the major- 


ity and the number of free holes is essentially equal to the number of acceptor 


impurities added or: 


where βρ = free holes in P semiconductor 


: free electrons in P semiconductor 


2 
jì 


τ = number of acceptor impurity atoms added in the doping process 
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TABLE 6 


For a qiven piece of semiconductor, parameters may be derived based on the constants 


of the type of material used in the given piece of semiconductor. 


From Table 4: (holes) | - ра но Е 


where p = free holes 


q = electronic charge = 1.6 x 1079 cou lombs 


Ы. = mobility constant, holes 


E = applied electronic field 


| = current density 


For a given piece of semiconductor, this can be rewritten to read: 
Sj — vJ 2 


ERT а 


| | 


‚А = cross sectional area 


| is flowing from cross 
section 1 to cross section 2. 
| 
- HITS δα li: 
!p(e2) ^^ 2 D oT S 
where | = hole current from point | to point 2 
Ру = hole density at | 
P> = hole density at 2 
ην» - electric field, ] to 2 


A = cross sectional area at right angles to direction of current 


-1 
q = electronic charge = 1.6 х 10 '9 coulombs 


mobility constant, holes 


1] 


"p 


L= length, I to 2 
This can be rewritten: 
| Ῥ P2 tv H 
р(1-2) 7 2 P 


which makes M. = Аа "p 


L 
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TABLE 6 (Continued) 


and M, is the parameter "hole mobilance' and is given the symbol 
M 


EE EE 


Electron mobilance can be formulated in the same manner and found to be: 


хр Ади, 
m L 
iy By 
апа 1. awake (v - Vo) M. 


where: п; = the density of electrons at point | 


the density of electrons at point 2 


| 


2 


When carriers are in the minority, their transport is not mobilance but the carriers 


move by diffusion. The formula for current can be written: 


EL а αι 
p4— —L г = 
where: ір, = hole diffusion current 
Pp, = density of holes at point 1 
Po = density of holes at point 2 


This can be written: 
| = - H 
2 (P, - Po) å 
where: ч = the parameter hole diffusance 
A q D 


and it is evident that H, = рек, and given the symbol 


нае 


78 


TABLE 6 (Continued) 


The parameter, electron diffusance can be formulated in the same way and found to be: 


md A q D. 
Й L 





and the electron diffusion current can be found by: 


η x (п, g по) n, 
d 
where: I, = electron diffusion current 
d 
п; = density of electrons at point | 
по = density of electrons at point 2 


These parameters will be used in later tables. The density of carriers at 2 (or 


any point if the length is substituted for L) can be found by the formula: 


‚ (1) 


у= | 


carrier-density at 2 


where: n» 


пу = carrier density at 1 
L = length 
& = -Er + μετ)’ 4 4Dr 1/2 
20т 

where: E = electric field 
H = ambipolar mobility constant 
D = ambipolar diffusion constant 
T = carrier lifetime 


solving for H and D: 


πω. 


TABLE 6 (Continued) 


and by Einstein's relation; 


ы KT 
р = = 
п q 





and therefore: 


D 


ον ΞΕ 
На q 
Dp KT 
DEE: 


а 
2 


ц 

ae, 

D 
р 


at 300°K (room temperature): 


KT c 26mv 
q 
ET = В х 10 
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TABLE 7 
POTENTIAL BARRIER IN PN JUNCTIONS 


The potential on the P side of a PN junction is given by the formula: 


where: 


(Note: 


N 
KT -Ρ 
4774 (е) 


Apv = potential on the P side 
М, = number of acceptor impurity atoms added in the doping process 
P. = intrinsic carrier density 


We have previously established that the number of free carriers isæto the 


number of added impurity atoms.) 


The potential on the N side is given as: 


where: 


AE GE 
Any 7 q n; 


ду = potential on the N side 
he = number of donor impurity atoms 
п. = intrinsic carrier density 


The potential difference or built-in voltage (д) 15: 


Ay = Дру 7 Δον 


and reduces to: 
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SECTION TWO 
DIODE DEVICES 


Although the basic concepts previously discussed apply to all dioqes and атоае ае- 
vices, for specific applications the diodes are constructed in different fashions. 
The differences might lie in the amount of impurities added in the doping process, 
in the geometry of the device, in the construction of the junction itself, or the 
basic material used in construction, For instance, diode devices used for high 
power rectifier applications are now primarily made of silicon as a basic material 
with the dopent impurities added by the diffusion process. The diffusion process of 
adding impurities is the process of heating the basic material while surrounding it 
with the doping impurities in a gaseous form. The impurity atoms enter the basic 
material when it reaches a temperature at which they can enter the structure, This 
process is illustrated in Figure 1-2, Of course, other diode devices are still in 
use as high power rectifiers. Selenium rectifiers, germanium diodes, and some 
copper oxide devices are in use; however, the most popular of course is the silicon 
diode. The silicon diode can tolerate higher temperatures than the other devices. 
Semiconductor diodes other than silicon have maximum operating temperatures of 
about 100°C, while silicon has a typical operating temperature of 150°C. Silicon 
has the other added advantages of a lower reverse current at a given temperature 
and applied voltage than the other types of diode devices, a much higher reverse 
breakdown voltage (up to perhaps several thousand volts), and the ability to handle 
a higher density of electrical charge which allows the handling of a greater magni- 
tude of forward current, Silicon does have a disadvantage of having a higher con- 
ducting voltage drop than some of the other devices and, therefore, a little higher 
power dissipation for a given conducting current. Electron mobility and hole 
mobility are faster in germanium than In silicon, Of course, the fastest mobility 
of all to date is gallium arsenide. If speed is a consideration, it might warrant 
use of germanium or possibly gallium arsenide as the basic material used to con- 


struct a semiconductor diode. 


If the device is to be designed for fast switching applications, speed, a small 
stored charge, and small junction capacity will be three of the predominate con- 
siderations. The amount of stored charge is governed by the number of minority 


carriers diffusing and seeking to recombine when the diode is forward biased. This 


кнн » 
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ча 


in turn is governed by the minority carrier lifetime of the material. By controlling 
the doping levels about the junction, the migority carrier lifetime can be changed 
and the stored charge can be controlled. From these factors, we can see that the 
approach to construction of a semiconductor diode will primarily be determined by 
the application to which it is going to be put. If the diode is to be designed for 
60 cycle rectification, a high reverse breakdown and a low reverse leakage current 
might be two of the primary considerations, along with the ability to handle large 
amounts of power. If the diode is going to be used for fast switching applications, 
a low stored charge and a fast switching characteristic would be the primary aim and 
the device would be designed to enhance these characteristics. The point is that 
all of the basic considerations that we have discussed will apply to all of the 
diode devices and this should be kept in mind as the individual devices are dis- 


cussed, 


DIODE RECTIFIERS: 


By far the most popular for diode rectifier service at low frequencies, is the sili- 
con diffused diode. The addition of impurities by diffusion allows close con- 

trol of the diode's characteristics. The basic silicon is inherently a high resis- 
tance semiconductor material and the diffusion of impurities to form a junction re- 
sults in a junction that will operate to perhaps 175?C. Silicon diodes can be de- 
signed so that reverse breakdown does not occur below several hundred, or even a 
thousand volts. Properly constructed, they have low reverse leakage currents or 
saturation currents at a given temperature, and a high forward current handling 


capability. 


Chart 2A lists some of the more important diode rectifier specifications listed by 


the manufacturer. 


Figure 2-2 shows a test set-up for measuring the forward characteristics of a sili- 
con rectifier diode. In the first measurement made with the Tektronix Type 575 
Transistor Curve Tracer, the series resistance is set at 500 with a total applied 
voltage of approximately 70% of 20V, or about I4V. A little less than IV is 
across the diode rectifier, and the remaining voltage is dropped across the series 


resistance, In this case, the current is limited to slightly less than 250ma. 
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DIODE RECTIFIER SPECIFICATIONS 


Peak Inverse Voltaqe (PIV): 


Maximum reverse bias that can be placed across a diode without the diode 
breaking down, For a sine wave input, using a resistive or inductive load, 
the PIV should be greater than the peak input voltage. Using a capacitive 
load, the PIV should be greater than twice the peak input voltage, 


Maximum Sine Wave Input Voltage (rms): 


This is valid for resistive or inductive loads, but not for capacitive 
loads for the reasons listed above. The actual reverse voltage applied 
across the diode can be greater than the rms value listed if capacitive 
loads are used, Therefore, this value should be below the maximum rating. 


Average Half-Wave Rectified Forward Current: 
(Resistive Load or D.C, Output Current) This is the maximum D.C. current 
that can be passed through the diode without exceeding the maximum allow- 


able temperature of the junction. Ambient temperature must be specified, 
and this current must be derated at higher temperatures. 


Peak One Cycle Surge Current: 
(60cps) This is the value of peak recurrent forward current that, if ex- 


ceeded, will damage the diode. Temperature must be specified and the 
average value of this current must be kept below the maximum DC output 
current to prevent excessive heating of the diode, 


Thermal Resistance: 
Used to determine the rise in junction temperature when power dissipation 
is known. The product of thermal resistance and the power dissipated will 
give the rise in junction temperature. This will be with respect to case 
or ambient temperature depending on which thermal resistance is used, 
For different diodes, the thermal resistance is given with respect to 
case or to surrounding air, 


Thermal Capacitance: 


The energy capacity of the junction, given in w sec/°C, 


Thermal Time Constant: 
Thermal resistance times thermal capacitance, 


Maximum Forward Voltage Drop: 


The maximum voltage drop across the diode with a specified DC current and 
temperature, 


Maximum Rated Reverse Current at Maximum Rated Reverse DC Voltage: 


The reverse leakage current that will flow when the rectifier is back 
biased to PIV. The temperature must be specified as this current is 
temperature sensitive. 


Operating and Storage Temperatures; 


Maximum operating and storage temperatures that will not damage the device. 
CHART 2A 
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In the second measurement in Figure 2-2, the resistance has been increased to 1000 
and the total current for the same applied voltage has been halved. Since the 
current in the silicon rectifier diode is related exponentially to the applied 
voltage, the current that flows with greater than about IV of forward voltage 
applied to the diode will be primarily limited by the resistance in series, Assume 
an applied forward voltage of 50V and the desire to have the current limited to 
100ma. It becomes a simple problem to subtract slightly less than IV from the 
total applied forward voltage and determine what resistance would be required to 
limit the current to 100ma. In this case, assuming approximately 0.7V across the 
diode, about 49.3V must be dropped across the series resistance. Dividing 49.3V by 
100ma indicates a required resistance of 4.93KQ. The important point here is that 
once a sufficient forward voltage has been applied to cause a significant forward 
current in the diode, the current will be primarily impedance limited, external of 
the diode. It must be insured that the total series resistance will limit the 
forward current to a safe or desired value, 

Figure 3-2 shows the area at low currents with a forward voltage applied to a 
silicon diode. It is well to note that the current is not zero at any point with 

a forward voltage applied, Like the basic diode that was discussed earlier, the 
current varies as the exponent containing voltage varies. It can be seen that the 
current is related exponentially to the voltage when we expand the curve and look at 


the area near zero volts. 


Since we are typically dealing with a fairly large forward current in silicon recti- 
fier applications, the small current that flows below approximately 0.6 or 0.7V is 
not considered significant. A silicon diode in such an application can be con- 
sidered to be in its off state until about 0,7V is applied and then considered to 


be in its on state (referring to an applied forward voltage). 


Consider Figure 4-2. In this measurement set-up, the reverse characteristics of th 
diode are being checked, The Tektronix Type 575 Transistor-Curve Tracer, Mod 122C, 
is a conventional Type 575 with an additional voltage range for checking the re- 
verse breakdown characteristics of the diodes and transistors. With the Mod 122C, 

a reverse voltage up to |1.5KV is possible under a limited current situation. In 
this measurement approach, however, the point at which reverse breakdown occurs 


is the desired measurement and the fact that the current must be limited is of 
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little consequence. The diode being measured in Figure 4-2 breaks down at about 
1480V. This, of course, is a much higher breakdown voltage than comparable german- 
ium rectifier diodes. It would require that germanium diodes be stacked in series 
to accomplish such a high breakdown as this diode is exhibiting. It should be re- 
membered that the measurement in Figure 4-2 is at a given temperature, and the 
voltage point at which breakdown occurs will be different if the temperature changes. 
ideally, a measurement should be made at the highest expected ambient temperature, 
along with a measurement at room temperature. In the case of the diode in avalanche 
breakdown such as the diode in Figure 4-2, an increase in temperature will increase 
the voltage across the diode terminals for a given current. A temperature point 
will be reached, however, where the breakdown mechanism becomes more complex and a 
decrease in the voltage across the terminals of the diode will be encountered, Over 
the normal temperature operating range of the diode, however, we can expect a posi- 
tive temperature coefficient of voltage from the diode in Figure 4-2. This means 


we can expect the voltage across its terminals when in reverse breakdown to increase 


with an increase Їп temperature. 


There is another breakdown mechanism that will be discussed later that has a nega- 
tive temperature coefficient of voltage. By negative temperature coefficient of 
voltage, we mean that the voltage across the terminals of the diode in reverse 
breakdown will decrease with an increase in temperature, This type of breakdown 
only occurs in very heavily doped junctions where the reverse breakdown voltage has 
been reduced below approximately 6V by the high level of doping impurities. This 
brings up the point that, as the level of doping impurities is increased, the 
voltage breakdown point will be decreased. In other words, we would expect the 
diode in Figure 4-2 to break down at a lower reverse voltage if the amount of 


doping impurities were increased. 


The point at which the diode breaks down with a reverse voltage applied (such as 
measured in Figure 4-2), is the peak inverse voltage rating of the diode rectifier. 
The total voltage excursion encountered by this diode in a rectifier application 
should be below the voltage measured in Figure 4-2. It is well to remember that 
when reactive filters are used in a power supply application, the peak voltage can 
be significantly larger than the peak input or applied voltage. For this reason, 


it is wise to insert a safety factor when calculating peak inverse voltage ratings. 
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If the silicon rectifier is placed in series with an AC source such as shown in 
Figure 5-2, the a-c source will alternately forward and reverse bias the silicon 
rectifier. On one half cycle, the silicon rectifier will be forward biased, and 
will have approximately 0.7V across it with the remaining voltage dropped across 
the series resistance in the circuit, If this were a power supply application, the 
resistor might be the load that the rectifier is supplying. On the alternate half 
cycle, the silicon rectifier will be reverse biased and the only current is the 
diode saturation current governed by the temperature and the applied voltage. 
Placed in series with an a-c source, the silicon rectifier will deliver pulsating 
d-c to the load. Of course, filter circuits, etc., can be added to remove the pul- 
sations and possibly a regulating circuit added to further remove the pulsations 
and to deliver a regulated d-c to the load. Considering electron current, a large 
electron current will flow into the arrowhead of the silicon rectifier symbol, 
resulting in the voltage polarity across the load as shown. When dealing with con- 
ventional current, it can be assumed that a large current will flow with the arrow 


in a silicon rectifier symbol. 


In this publication, if the type of current is not indicated, we will assume that 
we are talking about electron current and not conventional current. Therefore, we 


will expect to find a large electron current against the arrow in the rectifier 


symbol. This will hold true in all of our discussions., 


Refer to the simple circuit in Figure 5-2 once again and assume a peak input voltage 


of 50V, When the input is at its peak value and forward biasing the silicon recti- 
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fier, we would expect to find about 0.7V across the silicon rectifier and the re- 
maining voltage, or H9.3V, across the load. With 49.3V across the load resistor of 
2K2, we would expect about 24.8ma of peak current to be flowing. Note that we mere- 
ly subtracted the voltage drop across the silicon rectifier from the total peak 
voltage applied to find the peak voltage applied across the load. Dividing the 

peak voltage across the load by the load resistance gave us the peak current in- 
volved. If reactive filters are involved, this becomes more complex. We might 

make the same calculations for average and effective value of a-c input if this were 
the required information, Note that on the alternate half cycle of the a-c input, 
we would want to insure that the peak inverse voltage specification of the silicon 


rectifier was greater than the expected peak input voltage of the input generator. 


If the maximum reverse current of the diode at 25? is given at lOua, we could also 
determine how much voltage would be across the load in a reverse bias condition of 
the silicon rectifier. In this case, with a reverse current of JOua and a load 
resistance of 2ΚΩ, the product gives 20mv of reverse voltage across the load on the 
alternate half cycle. Suppose the 10ра were measured at a peak inverse voltage of 
500V for this particular rectifier. To determine the reverse resistance of the 
silicon rectifier, we might divide the reverse current of 10ра into the peak in- 
verse voltage of 500V and find that the- reverse resistance of the silicon rectifier 
is approximately 50 megà at 25°C. The reverse resistance of a silicon rectifier can 
be found simply by dividing the reverse voltage by the reverse current. In this 
case, 500V divided by 10на gave a reverse resistance of 50 megX. If the reverse ог 
Saturation current is stated at 150°C as 500ua, the reverse resistance will have 


decreased to approximately I meg at 150°C. 


We might also find the forward resistance of the silicon rectifier by dividing the 
maximum forward voltage drop by the current stated for that value, For the diode 
that was measured in Figure 2-1, there was approximately 0.75V across the diode when 
there was 250ma of forward current, By dividing 0.75V by 250ma, we find that the 
forward resistance of the diode is approximately 39 at 250ma of forward current. 

Of course, this would have to be stated at the temperature that the measurement was 
taken. It is well to note that the forward resistance of 32 with respect to a re- 
verse resistance of 50 megQ indicates a pretty fair rectifying device and this is 
true of silicon rectifiers in general. Even a forward resistance of 39 or less with 


respect to | meg? of reverse resistance would have to be considered a good rectifying 
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characteristic, and we found that with the particular rectifier measured, that the 


reverse resistance was only down to ] megQ at 150°C, 


Let's stop for a moment and review. The silicon rectifier has advantages over its 
other semiconductor counterparts in that it has a low reverse current, a high re- 
verse breakdown voltage, and the ability to handle large forward currents as a re- 
sult of being able to handle a high concentration of electric charge. It's one 
disadvantage for low frequency operation might be the somewhat larger voltage drop 
across its terminals than its other semiconductor counterparts, and it might have 
an added disadvantage at the higher frequencies in that it is an inherently slower 
device than perhaps germanium or other semiconductor diodes. For low frequency 
rectifier service in power applications, we find the silicon rectifier in very ex- 
tensive use, If we desired to determine the maximum power that the device could 
handle, we could use the thermal characteristics as outlined in section one. A 
large number of silicon diodes are stud mounted so that they might be placed on ex- 


ternal heat sinks to help dissipate the heat generated in high power applications. 


STACKING SILICON RECTIFIERS IN SERIES: 


A higher peak inverse voltage rating may be obtained by stacking the rectifiers in 
series. In applications such as this, the forward voltage across the series stack 


is increased; however, much larger peak inverse voltage ratings may be obtained. 


Figure 6-2 illustrates a simple circuit. The silicon rectifiers shown in Figure 
6-2 have individual peak inverse voltage ratings of 1000V. Stackfng the three in 


series, we would expect to find a total peak Inverse voltage rating of 3000V. 
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Of course, when dealing with the forward bias condition, we have the sum of the 
three voltage drops across the silicon rectifiers subtracting from the total applied 
voltage. This appears to be a simple solution to the reverse breakdown problem at 


first; however, it is a bit more complicated than this. 


When stacking the silicon rectifiers in series to increase the reverse breakdown 
rating, it should be insured that the silicon rectifiers have near equal reverse re- 
sistances, If they do not have near equal reverse resistances, the applied reverse 
voltage will not divide equally among the silicon rectifiers. One rectifier will 
have a larger voltage applied across it than the others if its reverse resistance 

is higher than the others. A second consideration is the stored charge or storage 
time of the diodes when stacked in series, If one diode has a greater stored charge 
than the others, when the applied voltage changes from forward to reverse, one diode 
will continue to conduct for a longer period of time than the other diodes. The 
greater portion of the reverse voltage can be distributed across the diodes that 
become non-conducting and cause them to break down. In other words, the diodes 
should have near equal stored charges and reverse resistances if they are to be 
stacked in series to increase the reverse breakdown rating that one device would 
offer. Some manufacturers offer silicon rectifier stacks made of diodes cut from 


identical crystals in order to insure similar reverse resistances and stored charges. 


If it is not possible to have the diodes that are to be stacked in series cut from 
the same crystal, the differences in reverse resistances can be minimized by adding 
shunting resistors such as shown in Figure 7-2, The shunting resistors placed 
across the individual] diodes reduce the effects of the differences in reverse re- 


sistances of the diodes. 
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FIGURE 7-2 


It is evident that care should be taken that the shuntinq resistors have near equal 
values. The shunting resistors should be high enough in value to limit the reverse 
current to a low value, but small enough in resistance to aid in distributing the 
peak inverse voltage equally among the diodes. We previously have calculated the 
reverse resistance of a diode. Typical values of shunting resistors are one half 
the reverse resistance of the individual diodes. This will be small enough to aid 
in the distribution of the peak inverse voltage, while large enough to limit re- 


verse current to a reasonable value. 


Since the stored charqe and, as a result, storaqe time is a limiting factor in- 
volved, shunting capacitors can be added to minimize the effects of different stored 


charges in the individual diodes. Figure 8-2 illustrates this. 
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The values of shunting capacitors should be selected to have near equal capacitance 
for proper compensation. In order to compensate the difference in storage times 
of the individual diodes, the time constant of the shunting capacitor and the load 
resistance should be equal to the storage time of the diode and the load resistance 
or, іп other words, С R = с.» where C is the capacity of the shunting capacitor, 
R. is the resistance of the load or the total series resistance in the circuit, and 
t_ is the storage time of the diode. Taking into account more than one diode then, 
the time constant of C and R. should be equal to the storage time of all of the 
diodes, or C R = tg (total), where C is the capacity of the shunting capacitor R. 
is the total series resistance in the circuit, and t. (total) is the total storage 
time of the diodes. In order to solve for the value of the shunting capacitor, 
the formula can be transposed to read: 5 t, (total) 

- Л 


The proper value of a shunting capacitor can be found by this formula and, when 
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this value of capacitor is placed in shunt with the individual diodes in the stack, 
it will minimize the effects of different storage times in the individual diodes. 
Of course, the optimum situation is when the individual diodes are cut from the 
same crystals and no shunting capacitors or resistors are required, If both 
differences in reverse resistance and differences in storage times are a problem, 


both shunting resistors and capacitors can be added to compensate the series stack. 


TYPICAL CIRCUIT: 


Figure 9-2 is a schematic diagram of a power supply circuit in a Tektronix oscillo- 
scope, It shows a typical application of silicon diodes in low frequency rectifier 
applications. The theory of operation of such a circuit is adequately covered in 

Chapter 12 of the book Typical Oscilloscope Circuitry, published by Tektronix, Inc., 


Tektronix publication 070-253, Any discussion of the circuit will, therefore, be 


neglected here. 


VOLTAGE VARIABLE CAPACITORS; 


As previously discussed, a junction at equilibrium will exhibit capacitance. Since 
the amount of capacitance is dependent on the width of the depletion region, the 
capacity can be varied by varying the applied voltage. Application of a reverse 
voltage to the diode widens the depletion region and reduces the capacitance, while 
application of a forward voltage to the diode narrows the depletion region and in- 
creases the capacitance. The capacitance of the junction will vary exponentially 
as the applied voltage, and the greatest change in capacity for change in voltage 
will occur between zero and approximately 300mv of forward voltage for a germanium 
junction and about zero and 700mv of forward voltage for a silicon junction. It 
should be remembered, however, that the junction will exhibit capacitance over its 
entire operating range; however, the capacitance falls to a very low value in the 


high conducting portion of the diodes curve due to the high density of carriers. 


Figure 10-2 shows a test set-up that may be used to measure the capacitance of the 
PN junction, The Tektronix Type 130 LC Meter has a guard voltage that allows the 
stray capacitance of the circuit to be compensated and allows only the capacitance 


of the diode to be measured, By varying the applied voltage, and noting the changes 
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in capacity on the Type 130 LC Meter, a plot of applied voltage versus capacitance 
can be obtained. Note that the particular diode measured in the test set-up in 
Figure 9-2 had its capacitance increase to about 100рҒ tefore the sharp increase in 
forward current caused the reading on the 130 Meter to fall to near zero, Also 
note that the greatest change in capacitance for a change in voltage occurs in the 
forward bias portion of the diodes curve. Some manufacturers are making available 
specially constructed diodes with predictable voltage versus capacity characteristics 
for use in circuitry. By controlling the doping impurity levels and the geometry 
of the junction, low leakage devices with good predictable capacity versus voltage 
characteristics have been obtained. They lend themselves well to automatic fre- 
quency controls and automatic volume controls in receiver equipment. Remote capa- 
citance adjustments that would perhaps require a long shaft can be accomplished 
with the voltage variable capacitor. This requires only the connecting leads to 

a potentiometer in a convenient place to adjust the voltage on the device. Higher 
power devices for use in microwave and radar work are referred to as Varactor 
diodes. There are also numerous tradenames; however, the basic principles involved 


are covered here. 


SYMBOL: 


Figure 11-2 shows the conventional diodes symbol along side of that of a voltage 


variable capacitor, 


FIGURE 11-2 


Note that an added line to indicate a capacitor is added to the conventional dlode 
symbol and that the arrow indicates that it is variable, The cathode and anode re- 
main the same as in the conventional diode symbol, Note that the voltage variable 


capacitor will typically be operated in what would normally be considered the off 
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mode of the diode. 


In Figure 12-2, the applied voltage is forward biasing the voltage variable capa- 


citor and increasing its capacitance, In Figure 13-2, the polarity of bias applied 


is reverse biasing the voltage variable capacitor and decreasing its capacitance. 


0,2V N 


FIGURE 12-2 





FIGURE 13-2 


If the d-c source shown in Figures 12-3 апа 13-2 was replaced with an a-c generator, 


we would find the a-c generator alternately forward and reverse biasing the voitaqe 


variable capacitor and varying its capacitance. If the valtage variable capacitor 


were made part of a tuned circuit, in an FM transmitter we would find the resonant 


frequency of the tuned circuit in the FM transmitter changing as the applied a-c 


generator moved through its cycle. This would frequency modulate the transmitter. 


Therefore, the voltage variable capacitor might lend itself well to a frequency 
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modulator circuit. 


Figure 14-2A is a schematic diagram of a portion of the Tektronix Type 526 Tele- 
vision Vector Scope. In Figure 15-2A, the voltage variable capacitor is being used 
as an external adjustment that may be controlled from the front panel. In the 
schematic diagram shown, the adjustment can be made from the front panel by way of 

a potentiometer, while the voltage variable capacitor exists in the circuitry inside 
the instrument, Rather than having to have a long flexible shaft, the connections 
can be made to the voltage variable capacitor by way of interconnecting wires, and 


the shaft is not needed, 


Figure 14-2B shows another application of voltage variable capacitors in the Tek- 
tronix Type 526 Television Vector Scope. In this circuitry, small changes in phase 
of the precision delay line due to the change in resistance of the delay line used, 
are compensated by feeding the d-c voltage developed across the resistance of the 
delay line to the voltage variable capacitors and having them exhibit either a capa- 
citance or an inductance by changing the resonant frequency of the tuned network 
they are a part of, A complete explanation of this circuitry is not important as 
these circuit diagrams are simply to show some typical applications of voltage 


variable capacitors. 


ZENER DIODES: 


When dealing with silicon diodes for use in rectifier service, or for use as a 
voltage variable capacitor, the entrance of the diode into the reverse breakdown 
condition was undesirable. If a diode is constructed to purposely operate in the 
reverse or avalanche breakdown condition, the voltage across the diode terminals 
will remain fairly constant over a wide range of currents. This is assuming the 
diode remains in the reverse breakdown condition. We might draw an analogy of a 
diode in avalanche breakdown to the familiar voltage regulator tube. As the voltage 
regulator tube has the voltage across it raised to a level at which the gas ionizes, 
further increase in voltage will be dropped across the series resistance in the cir- 
cuit, This occurs since more ionization will take place decreasing the tube's re- 
sistance and increasing the current. The voltage across the terminals of a voltage 
regulator tube stays relatively constant once into the ionized condition. The same 


is true of the PN junction when in avalanche breakdown, The voltage across its 


— e—a —T 


ГЕ ι wm = —=. 


10] 







LOCATED 
зво 2 In LID? 


tit 
Rig? = 


390 
(SELECTED) 







PRECISION PHASE 
TRACKING AD. 


4.02058 


T 
Tum 
T cu EE ДЫ 


L205 
| IO- 20^ 







| R208 


82k сі Т 


---- 


FIGURE 14-2A 


+350V 
(ОЕС.) 


2276 
BOOK 


R277 
4.7м 


СРЕС..) 20V [on prese] 
WEE 115? 













FROM PLATE 1) т Е 

L224 PG NYA P PHASING 

27-60 +120v 

FROM PLATE, 
PIN 6 VISB 

t V233A V283A 

ч ы k /:60М8 /26DJ8 
+ QE καθ 

V253B i09 









C240 
«Γιο! 


У224А /6DJ8 


/; 6 BABA 


470 
C260 
V2248 470 “дак чы = pr 
/16BAB - — 264 
+ p26 А 
š Rule R256 ТІ? CARS 
n d 7 6.8% V 
= R261 р227 -L C267 -150V 
+ рез оок 359 [95 
ς 268 
R268 
03 Τ ο 
+120V 


FIGURE 14-28 


102 


terminals stays relatively constant over a range of voltage and currents once into 


the breakdown mode, 


When the diode is designed to operate in the reverse or avalanche breakdown mode, 
the amount of doping and the geometry of the junction can be varied to cause the 
diode to break down at a given reverse voltage, and handle a given range of reverse 
currents. It should be remembered that, if the diode is operating in reverse break- 
down, the maximum power will be governed by the same considerations as when it is 


operated in the forward direction, The thermal considerations discussed in section 


one will still apply. 


Zener diodes are purposely designed to operate in the reverse breakdown portion of 
their characteristics. When in the reverse breakdown portion of their character- 
istics, they maintain a near constant voltage across their terminals with large 
changes in current and voltage. By careful control of doping levels, and the geo- 
metry of the junction, close tolerances can be obtained with zener diodes, If the 
doping levels are increased sufficiently to cause the breakdown voltage to be below 
approximately 6V, another breakdown mechanism called tunneling is enhanced and the 
reverse breakdown voltage of the device has a negative temperature coefficient of 
voltage. If the doping levels are not this great, however, and the diode is in 
avalanche breakdown, it is considered to have a positive temperature coefficient of 
voltage in that the voltage across the terminals of the device in breakdown will 
vary directly as temperature varies. In other words, if temperature increases, the 


voltage across the device terminals will increase. 


The name zener diode is often misleading because the breakdown mechanism termed 
zener breakdown is, in reality, tunneling breakdown which occurs in heavily doped 
junctions below about 6V of reverse voltage. Most modern-day zener diodes operate 
in the avalanche breakdown mode and, therefore, have a positive temperature co- 


efficient of voltage when in the breakdown condition. 


Figure 15-2 shows the forward and reverse characteristics of a typical zener diode, 
The test set-up is the Tektronix Type 575 Transistor-Curve Tracer. The photo of the 
forward and reverse characteristics is a double exposure showing both the forward 
and reverse characteristics of the device. Note that the horizontal scale is 0.2V 


per major division for the forward characteristic of the device, and 5V per major 
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division for the reverse characteristic of the device. At point A in the diagram, 
the zener diode enters the avalanche breakdown mode, It breaks down at about 24V 

of reverse voltage. When the current is increased to about 40ma, the voltage across 
the device is approximately 25V, |f the current is maintained at this point at 

this temperature, the zener diode will tend to have 25V across its terminals. If 
the temperature were to increase, the voltage across the diodes terminals at 40ma 

of reverse current would also increase, Note in Figure 15-2 that, although designed 
to work in the reverse breakdown portion of its characteristics, the zener diode can 
serve as a rectifying device. As long as the power considerations are not exceeded, 


the zener diode can serve as a rectifier, 


To calculate the power being dissipated by the zener diode in Figure 15-2, simply 
take the product of the current and voltage involved, At 40ma of reverse current 
and 25V across the diode, the power dissipation is ІМ, To find the temperature of 
the junction above ambient, we could take the product of IW of power and the diode's 
thermal resistance and gain the increase in junction temperature over ambient. 

This is included as a reminder that the same basic considerations apply to zener 


diodes as to other types of diodes, 


The product of power -dissipation and the thermal resistance of the diode when added 
to ambient temperature must not exceed the maximum operating temperature of the 


zener diode. 


The zener diode in Figure 15-2, when in the forward conducting mode, will have about 
0.75V across its terminals when forward current is 50ma. If the temperature in- 
creases for this same current, the diode will have the voltage across its terminals 
reduced, Therefore, zener diodes like other PN junction diodes have a negative 
temperature coefficient of voltage in the forward biased mode. It is well to note 
at this time that when a zener diode is operated in the reverse breakdown mode and 
is in avalanche breakdown (above Vn equals 6V), it has a positive temperature co- 
efficient of voltage, but when in the forward conducting mode, has a negative 


temperature coefficient of voltage. 


Figure 16-2 illustrates the zener diode symbol as compared to that of a conventional 
diode, Note that a Z is added to indicate zener diode. One thing that is well to 


note is that a zener diode is normally operated in a reverse bias mode and depends 
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on minority carriers in the breakdown condition for current. 
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FIGURE 16-2 


Therefore, electron current will flow with the arrow in the zener diode symbol or, 
if conventional current is used, it will flow against the arrow in the zener diode 
symbol. This is, of course, assuming that reverse voltage is being applied to the 
zener diode and that it is being operated in the reverse breakdown portion of its 


characteristics. 


Figure 17-2 shows a zener diode in a typical application. In this case, the zener 
diode is being used as a voltage regulator and the applied voltage will be greater 


than the zener breakdown voltage. 
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For normal operation, point A in the diagram will be negative and greater than 50V. 
The series resistance (R) will drop the added voltage and the output at points C 
and D will be a 50V regulated with C negative with respect to D. Note that elec- 
tron current flows with the arrow in the zener diode symbol (conventional current 
flows against the arrow in the zener diode symbol). Any changes in the d-c source 
cause a change in the voltage drop across the resistor (R) and the voltage across 


the zener diode is maintained relatively constant. Any changes in the load current 
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would cause the zener diode to change its current, dropping the same voltage across 


resistor (R) and maintaining the 50V output. 


Figure 18-2 shows the zener diode in a typical regulating configuration and also 
the conventional VR tube or gas filled regulator tube in its typical configuration, 
Although the zener diode operation is similar to the VR tube, it has some distinct 
advantages. First of all, the minimum voltage of the VR tube is limited to around 
70V which is the ionization potential of the gas used in VR tubes. The zener diode 
can operate over a range of voltages from a few volts to several hundred volts. 

The current through the VR tube is limited between the levels set by the internal 
geometry of the tube and the minimum current needed to maintain the gas in an 
ionized state. The current through the zener diode can be varied from a very small 
value to a maximum value set by the maximum power dissipation of the zener diode at 
a given temperature. There will be a limitation set by the geometry of the zener 
diode as well. The noise generated in the zener diode in the VR tube are about the 
same in magnitude since the collision of accelerated carriers in the zener diode in 
the avalanche mode and the ionization of the gas in the VR tube generates about the 
same level of noise. The minimum ionization potential of the VR tube causes it to 
break into relaxation oscillation if a capacitor is placed in shunt with it. This 
is not so of the zener diode since it can operate over a wide range of currents and 
voltages, therefore, a shunt capacitor or RC time constant can be used with the 
zener diode to filter out the noise. Such a filter used with the VR tube would 


cause it to break into relaxation oscillations. 


Figure 19-2 illustrates a noise suppression circuit. 
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A shunt capacitor of from 0.01 το 0,1н# will tend to compensate the noise generated 
in a zener diode, The same capacitor placed in shunt with the conventional VR tube 
would cause it to break into relaxation oscillations. Smaller size is a big factor 
in the advantages of the zener diode over that of the conventional VR tube, The 
fact that the zener diode can be stud mounted and bolted to the chassis for external 
heat sinking results in a much smaller package when compared to a VR tube with 


similar power handling capabilities. 


Figure 20-2 shows a typical application of a zener diode in a voltage regulator 
configuration, In this case, the voltage is being regulated by two zener diodes, 
the first of which is taking care of line voltage fluctuations and the second being 


used to compensate for load current variations. 


If the changes in voltage across the zener diode terminals must be compensated for 
changes in temperature, the zener diode can be placed in series with a forward biased 
diode. Temperature compensation is accomplished when the output is taken across 

both devices. Figure 21-2 illustrates this. The forward biased diode in the diagram 
has a negative temperature coefficient of voltage while the zener diode in ava- 
lanche has a positive temperature coefficient of voltage and they tend to tempera- 
ture compensate each other, If one forward bias diode does not have sufficient 
change in voltage with temperature, more than one forward bias diode can be added 

in series with the zener diode. |t should be remembered that when this is done, 

the total output voltage will be the sum of the zener voltage and the voltage drops 


across the two forward biased diodes. Figure 22-2 illustrates this. 
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Some manufacturers are producing zener diodes in which the zener diode is con- 


structed with a comparable zener in series opposition in the same encapsulation, 
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The zener diode is then termed a temperature compensated zener diode and the toler- 
ances can be listed very critically over a range of temperatures. Fiqure 23-2 
illustrates this, showing the forward bias zener and the reverse bias zener in 


series in a circuit and the equivalent symbol for a temperature compensated Zener. 
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FIGURE 23-2 


There are, however, temperature compensated zeners available and the symbol does 

not indicate that a separate forward bias diode is involved. Since the functional 
symbol is still that of a zener diode and the output is the voltage across the term- 
inals of the device, the fact that a separate forward bias diode is involved is 
neglected in the symbology and the symbol shown jis that of a conventional zener 
diode. The temperature coefficient of -the zener diode will indicate, however, a 


very close tolerance in zener voltage over a range of temperatures, 


Figure 24-2 is a specification sheet for Motorola zener diodes and has been re- 


printed with the consent of Motorola Semiconductor Products, Inc., Phoenix, Arizona, 


Note that the Motorola type number has the first number indicating the wattage 
rating of the zener diode followed by the letter indicating Motorola and the nomi- 
nal zener voltage. The first zener diode indicated in Figure 24-2 is a 10М6,82, 
This indicates a I0W, 6.8V zener diode. When no number follows the Z, it is assumed 
to be a 205 tolerance device. In other words, the voltage of the zener diode could 
be 20% above or below the nominal zener voltage listed. When the Z is followed by 
a5 or a 10, it indicates 5 and 10% tolerance respectively. Note that the nominal 
zener voltage is measured at a test current lot: In order to check this diode 


against its specifications, it should be checked at the zener test current. 


The chart in Figure 24-2 lists two measurements of zener impedance. Lot is the 


dynamic impedance measured at the zener test current PI Note in the case of the 
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COURTESY: MOTOROLA SEMICONDUCTOR PRODUCTS, INC., PHOENIX, ARIZONA 
ELECTRICAL CHARACTERISTICS («v 309C Case unless otherwise specified) 


' απ 


ш 


Nominal Test Max Zener Impedance Typical 
| ТҮРЕ MOTOROLA @ Izr (ler) I (Vr) Volts Temp. Coeff. 
NUMBER TYPE NO. (Vz) Volts (ам) МА а» -- 2 Атрз %/°C 
142970 10M6.8Z 6.8 370 1.2 5 1.0 1,320 1.5 .040 
182971 10М7.52 1.5 335 1.3 250 1.0 1,180 1.5 ‚045 
1N2972 10M8.2Z 8.2 305 1.5 250 10 ,040 1.5 048 
1N2973 10М9.12 9.1 275 2.0 250 1.0 960 1.5 ‚051 
1N2974 10M10Z 10 250 3 250 1.0 860 1.5 ‚055 
1N2975 10M11Z tl 230 3 250 1.0 780 1.5 ‚060 
1М2976 10М127 12 210 3 250 1.0 720 Σα 065 
1N2977 10M13Z 13 190 3 250 1.G 660 1.5 065 
182979 10М152 15 170 3 250 1.0 560 1.5 ‚070 
1N2980 TOM16Z 16 155 4 250 1.0 530 1.5 070 
1Ν2982 10M18Z 18 140 4 250 1.0 460 1.5 075 
1842984 10м202 20 125 4 250 1.0 420 1.5 ‚075 
1N2985 10М227 22 115 5 250 1.0 380 1.5 080 
1N2986 10М242 24 103 5 250 1.0 350 1.5 ,080 
142988 10М272 27 95 7 250 1.0 300 1.5 085 
1N2989 10М302 30 85 Β 300 1,0 280 1.5 085 
1N2990 10М337 33 75 9 300 1.0 260 1.5 ‚085 
182991 10М367 36 7а 10 300 1.0 230 1.5 085 
1N2992 10M38Z 39 65 11 300 1.0 210 1.5 ‚085 
1N2983 10М437 43 60 12 400 1,0 195 1.5 ‚090 
1N2895 10M471 47 55 14 400 1.0 175 1.5 090 
142997 10М512 51 50 15 500 1.0 160 1.5 090 
132999 10M562 56 45 16 500 1.0 150 1.5 .090 
193000 10M62Z G2 40 17 500 1.0 130 1.5 090 
1N3001 10М682 6B 37 18 800 1.0 120 1.5 .090 
1N3002 10М757 75 33 22 500 1.0 110 1.5 .090 
1N3003 10м827 82 30 25 700 1.0 100 1.5 .090 
183004 10М917 91 28 35 800 1.0 85 1.5 090 
1N3005 10М1007 100 25 40 900 1.0 80 1.5 ‚090 
1N3007 10M110Z 110 23 55 1,100 1.0 72 1.5 „095 
1М3008 10M120Z 120 20 75 1, 10 67 1.5 095 
183009 10М1302 130 19 100 1,300 10 62 1.5 .095 
183011 10M150Z 150 17 175 1,500 1,0 54 1.5 094 
1N3012 10M1602 160 16 200 1,600 10 50 1.5 .095 
1N3014 10M1807 180 14 260 1,850 1.0 45 1.5 .095 
193015 1072002 200 12 300 2, 1.0 40 1.5 .100 
Nominal Test Max Zener Impedance Max DC Zener Typical 
Zener Voltage Current Current Max Forward Zener Vol 
JEDEC MOTOROLA @ ler (ел) Zzr @ ντ Zzx @ [yx Так 55°C Base Voltage Temp. Coeff. 
TYPE NO. ТУРЕ №0. | (Vz) Volts mA Ohms Ohms mA (12м) тА М» @ 10 атрз % {°C 
1N2804 50M6.8Z 6.8 1850 0.2 70 5 6,600 1.5 ‚040 
1N2805 50M7.5Z 7,5 1700 0.3 70 5 5,900 1.5 ‚045 
1N2805 50M8.2Z 8,2 1500 0.4 70 5 5:200 1.5 048 
1N2807 50М9.12 9.1 1370 0.5 70 5 4,300 1.5 ‚051 
182808 50М107 10 1200 0.б 80 5 4,300 1.5 055 
182808 50М117 11 1100 0.8 80 5 3,900 1.5 ‚060 
1N2810 50M12Z 12 1000 1.0 80 5 3,600 1.5 .065 
182811 50M13Z 13 960 1.1 84 5 3,300 1.5 065 
142813 50М157 15 830 1.4 BO 5 2,800 3:5 .070 
1N2814 50M16Z 16 780 1.6 80 5 2,650 1.5 .070 
1N2816 50М182 18 700 2.0 80 5 2,300 1.5 .075 
1N2818 50М202 20 630 2.4 80 5 2,100 1.5 075 
1N2819 50M22Z 22 570 2.5 80 5 1,900 1.5 080 
1N2820 50M247 24 520 2.6 80 5 1,750 1.5 .080 
1N2822 50М277 97 460 2.В 90 5 1,500 1.5 085 
1N2823 50M30Z 30 420 3.0 30 5 1,400 1.5 ‚085 
1N2824 50M33Z 33 380 3.2 90 5 1,300 1.5 ‚085 
1N2825 50M36Z 36 350 3.5 30 5 1,150 1.5 ‚085 
1N2826 50M39Z 39 320 4.0 90 5 1,050 1.5 .090 
1N2827 50M437 43 290 4.5 50 5 975 1.5 .090 
1N2829 50M47Z 47 270 5.0 100 5 880 1.5 .090 
182831 50M51Z 51 245 5.2 100 5 810 1.5 ‚080 
182833 50M62Z 62 200 7 120 5 660 1.5 .090 
142834 50M582 68 180 8 140 5 500 1.5 090 
1N2835 50M752 15 170 9 150 8 540 1.5 090 
1N2836 50м827 82 150 11 160 5 490 1.5 „050 
1N2837 50M81Z 91 140 15 180 5 420 1.5 ‚090 
1N2838 50M1007 100 120 20 200 5 400 1.5 130 
1N2840 50М1102 110 110 30 220 5 365 1.5 „095 
1N2841 50М1202 120 100 240 8 335 1.5 ‚095 
842 50M130Z 130 95 50 275 5 310 1.5 095 
1N2843 50M150Z 150 B5 75 5 270 1.5 095 
1N2844 50M160Z 150 80 80 450 5 250 1.5 .095 
1N2845 50М1802 180 68 525 5 220 1.5 .095 
182846 50М2002 200 65 100 600 5 206 1.5 .100 
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10M6.8Z that the dynamic impedance is 1.202 at the nominal zener voltage and test 
current, L^ is the dynamic impedance measured at a specified reverse current, in 
this case Ima. The measured dynamic impedance at Ima is 5002. The relationship 
of Lor to Lak gives а measure of the sharpness of the zener characteristic at the 
entry into a breakdown condition. It also indicates the dynamic impedance that 
would be encountered at these two operating points if the zener diode were being 
used in an a-c circuit configuration. The maximum d-c current rating of a zener 
diode indicates the maximum steady state current that can be passed by the zener 
diode. Maximum forward voltage is the maximum voltage that would be found across 
the zener diodes terminals in a forward bias mode at the specified value of forward 
current, The typical zener voltage temperature coefficient in percent per degree 
centigrade is the percent of a nominal zener voltage per degree centigrade that the 
voltage will change with a change in temperature. All of the temperature coeffi- 


cients listed in Figure 2h-2 are positive temperature coefficients of voltage. 


Figure 25-2 shows the characteristics for zener diodes above and below 6V, 


COURTESY: MOTOROLA SEMICONDUCTOR PRODUCTS, INC., PHOENIX, ARIZONA 
MOTOROLA 400 MILLIWATT ZENER DIODES (3.3 — 12 VOLTS) ELECTRICAL CHARACTERISTICS (@ 25°C Ambient unless otherwise specified) 
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TOLERANCES 


The Motorola Type Numbers shown have a standard tolerance 
on nominal zener voltage of + 10%. To specify + 59% tolerance 
on nominal voltage, add suffix letter "A" to the Motorola Type 
Number. Example: Type 1N746A is a 3.3 volt nominal > 5% 
tolerance zener diode. 
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The zener diodes listed have positive temperature coefficients until the voltaqe is 
reduced below 6V and the diode enters a different breakdown mode, The 1N752 in 
Figure 25-2 has a positive temperature coefficient while the ΙΝ75] has a negative 
temperature coefficient of voltage. The breakdown mode has changed from an avalanche 
breakdown mode to a tunnel breakdown mode and the temperature coefficient of voltage 
has changed from positive to negative. As the doping levels are increased and the 
nominal zener voltage is decreased, the negative temperature coefficient of voltage 
becomes more and more pronounced. The IN746 which has a nominal zener voltage of 
3.3V has a -0.06% °/C negative temperature coefficient of voltage. From the char- 
acteristics listed in Figure 25-2, a 1N752 has the lowest temperature coefficient 

of voltage of any of the devices listed, Selecting this diode as a voltage re- 
ference would give a very stable voltage with respect to temperature. The critical 
point of transition between avalanche and tunnel breakdown is being approached and 


the 1N752 has a very small temperature coefficient of voltage. 


TUNNEL DIODES: 


As previously discussed, increasing the amount of doping impurities added to the 
intrinsic semiconductor when forming a junction reduces the voltage at which the 


diode enters a reverse breakdown condition. This is illustrated in Figure 26-2. 
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Increasing the number of donor impurities added to the N side of the junction moves 
the fermi level farther from the center of the band gap towards the conduction 
band, |n construction of tunnel diodes, the fermi level is moved into the con- 
duction band of the N side by very heavy doping. In other words, sufficient im- 


purities are added to the N side of the junction to cause the fermi level to exist 


11% 


in the conduction band of the N side. This is illustrated in Рїдиге 27-2. 
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At the same time, the P side of a tunnel diode has sufficient impurities added to 
move the fermi level down into the valence band of the P side. This is illustrated 


in Figure 28-2, 
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The amount of impurities added in the doping process determines the reverse voltaqe 
at which the diode enters breakdown. A point can be reached where a further in- 
crease in the doping level actually causes the diode to be in what is termed a 
reverse breakdown condition with forward voltage applied. This is illustrated in 
Figure 29-2, 
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Sufficient impurities have been added to the diode whose characteristics are 

shown in Figure 29-2 to have the diode in a breakdown condition with forward 

voltage applied. The small section below IV that is in the dotted box in the left 
diagram in Figure 29-2 is expanded and shown in the diagram at the right. Notice 
that, with OV applied, there is no net external current, With the application of 
reverse voltage, current increases in the negative direction immediately and with 
the application of forward voltage, the current increases in the forward direction 
immediately. A forward voltage point is reached at which the current no longer 
continues to increase but starts to decrease with a further increase in forward 
voltage. The dynamic resistance in this region of the curve represents a negative 
value. A positive change or an increase in forward voltage results in a decrease 
or a negative current excursion, and this represents a negative resistance. A 
further increase in the forward voltage causes the diode to enter the normal forward 
conduction characteristic and the normal diode curve results. The increased doping 
levels result in an area of negative resistance or conductance between the zero 
voltage point and the normal forward conducting portion of the diodes characteristic. 
It has been found that controlling the geometry of the junction can contro] the 
amount of current flowing at the peak just to the left of the negative resistance 
(or conductance) region in Figure 29-2. In Figure 29-2, the current at the peak is 
approximately lOma. Changing the geometry of the junction can change the peak 
current at this point and, of course, change the amount of negative resistance shown 


by the diode, 


Figure 30-2 shows the tunnel diode El curve related to a normal diode EI! curve. 
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The tunnel diode curve illustrates the results of addinq a large amount of impurities 
when forming the junction. We can say that the tunnel diode is a heavily doped 
junction that exhibits a negative resistance characteristic over a portion of its 
operating range. You will recall that we stated that adding a larqe amount of im- 
purities can actually move the fermi level of the N side of the junction into the 
conduction band of the N side and move the fermi level into the valence band of the — 
P side. The result, when the junction is formed, is a very narrow depletion region 
or transition region between the N and the P material, and an overlap of the valence 
and conduction bands between the N and the P side separated by the band gap. This 

is illustrated in Figure 31-2. The width of the junction or transition region be- 
tween the N and the P material of a tunnel diode can be on the order of 100 A units 
or about 0.4 pinches. The electrons in the conduction band of the N side are oppo- 
site the electrons in the valence band of the P side with zero volts applied 
(junction at equilibrium), and there is no external current. With the transition 
region made this narrow as a result of a large amount of doping impurities, a pro- 


cess referred to as quantum mechanical tunneling is enhanced, 


For this discussion, the process known as quantum mechanical tunneling will be sim- 
plified to the process of an electron on one side of the junction or barrier cross- 
ing the junction without having sufficient energy to do so in the normal fashion. 


lt is possible in very narrow junctions when the bands are overlapped, for electrons 
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to move with great speed from the valence band of the P side to the conduction band 
of the N side and vice versa, instead of movinq from conduction band to conduction 


band. 
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FIGURE 31-2 


Any tunneling that might take place in Figure 31-2 (assuming zero volts applied) is 
by the same amount in both directions and the net external current is zero. Å 


tunnel ‘diode at equilibrium will exhibit zero net external current. 


The name tunnel diode evolved from a theory put forth by Mr. Esaki. This theory 
indicated that, since the carriers were not crossing the junction in the normal 
fashion, they might be tunneling under the barrier and the name tunnel diode evolved 
from this, We might think of the process simply as an arc over between the N and 
the P side across the band gap, or depletion region. We can simply say that it is 
possible for carriers to move at great speed across the depletion region if there 

is a place for them to exist on the other side and the junction is very narrow. 

With this in mind, we can explain the tunnel diode characteristic curve using the 


diagrams in Figure 32-2. Figure 32-2A shows the energy band diagram of the tunnel 
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diode at equilibrium. Note that the fermi level exists in the conduction band of 
the N side and in the valence band of the P side and when the fermi levels are 
aligned, there is an overlap of the valence and conduction bands across the junction 
separated by a narrow transition region, |t is possible for carriers to cross the 


narrow barrier without appearing to have sufficient energy to do so, 


Figure 32-2B shows the energy band diagram wi th a small amount of forward voltage 
applied, This point on the tunnel diode El curve is indicated by (B) in the diagram 
at the bottom of Figure 32-2, Тһе small amount of forward bias has lifted the 
carriers on the N side to a little higher energy point while lowering the carriers 
on the P side to a lower energy point, and it is now possible for an increase in 
tunneling to occur from the N to the P side. The tunnel diode curve at the bottom 
of Figure 32-2 indicates that with forward bias applied, the current increases in 


a positive direction, 


A further increase in forward voltage starts lifting some of the carriers in the N 
side opposite the band gap as shown in Figure 32-2C. Since the number of carriers 
that can tunnel is reduced, the current starts to decrease or move in a negative 
direction. 

A further increase in forward voltage moves most of the carriers opposite the band 


gap as shown in Figure 32-2D, and the current is reduced to its minimum value. 


Continuing to increase the applied forward voltage results in the carriers moving 
from the conduction band of the N side into the conduction band of the P side and 


the normal diode curve results as shown in Figure 32-2E. 


Figure 32-2F shows the energy band diagram with reverse voltage applied indicated 
by point F on the diode El curve. The tunneling from the P side to the N side is 
enhanced when reverse voltage is applied and the current increases in the negative 


direction. 


Solid understanding of quantum mechanics and quantum mechanical tunneling is not 
necessary to understand the action of a tunnel diode as used in circuitry.  There- 
fore, further discussion will be neglected, It should be noted, however, that the 


speed of the electrons transition from the N side to the P side and vice versa will 
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be much faster than the time required for an electron to move from the conduction 
band of the N side into the conduction band of the P side, diffuse until finding an 
imperfection, and then recombining. The speed of transport of the carriers across 
the junction will be set by the speed of tunneling and the speed of the majority 
carrier transport in the particular type of semiconductor used in construction of a 
tunnel diode. Gallium arsenide tunnel diodes have the fastest electron mobility 
of any of the three major types of semiconductors used. In order of their electron 
mobility, we find gallium arsenide, then germanium, and finally silicon. For speed 
consideration, we would choose gallium arsenide over the other two types of semi- 
conductors for construction of tunnel diodes. However, other considerations might 


cause us to choose a different type of semiconductor. 


Figure 33-2 shows the voltage versus current curve for an actual tunnel diode, The 
magnitude of current at the first positive peak in Figure 33-2 is termed peak current. 
This is marked with an A in Figure 33-2. The current at this point is determined by 
the geometry of the junction. When tunnel diodes are manufactured, they are etched 
to size to set the peak current at this point, The amount of current flowing at 
peak current will determine the total negative resistance of the tunnel diode and 
also determine the total current change involved in the negative resistance regi on 
“of the tunnel diodes curve. The current magnitude indicated by the letter B in 
Figure 33-2 is termed valley current. This is the minimum value of current in the 
valley between the first and second positive current slopes on the tunnel diodes 
characteristic curve. This is the point where the bands uncross when forward vol- 
tage is applied to the tunnel diode, The voltage at the point of peak current is 
referred to as peak voltage and is indicated by the C in Figure 33-2, The voltage 
at the point of valley current is termed valley voltage and is indicated by the D 

in Figure 33-2. The voltage at the point on the second positive current slope of 
the tunnel diode curve that is equal in magnitude to peak current is normally re- 
ferred to as voltage at the forward point, or Vep- This Is the voltage at which the 
current at the second positive slope is equal to peak current and it becomes impor- 


tant when dealing with the tunnel diode as a switch. 


Figure 34-2 shows the tunnel diode curve once again, with the points indicated by 


their symbols (5: Г. ММ Vo Adv The values of peak voltage, valley voltage, 


V^ Ὁ v гр). 
and forward point voltage are determined by the type of semiconductor used in con- 


struction of the tunnel diode. Peak current is determined by the geometry of the 
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TEST SET-UP: TEKTRONIX TYPE 547 OSCILLOSCOPE, TYPE ''0'' OPERATIONAL AMPLIFIER 
PLUG-IN WITH TUNNEL DIODE DRIVER ADAPTER*, PHOTO BELOW TAKEN 
WITH TEKTRONIX TYPE С-12 OSCILLOSCOPE CAMERA, 


*  NON-PRODUCTION ITEM 


FORWARD 
CURRENT 
(ma) 





FORWARD VOLTAGE (VOLTS) —— 


FIGURE 33-2 
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junction. Valley current seems to be a figure of merit of a tunnel diode. The 
lower the magnitude of valley current, the lower the amount of noise generated in 


the tunnel diode, and the greater the peak to valley current ratio. 


Typical values of voltages for germanium tunnel diodes are peak voltage zz55mv, 
valley voltage #3 350ту, апд Vep = 500ту. Typical voltages for a gallium arsenide 
tunnel diode are peak voltage =150mv, valley voltage =500mv, and Мер 41100ту. 


These voltages аге typical at room temperature or about 25°C (300° Kelvin). 


From the curves that have been shown, it can be seen that the tunnel diode will 

have areas of both positive and negative conductance when operated in the forward 
bias condition. The area from OV to peak voltage will exhibit a positive resistance 
or conductance, the area between peak voltage and valley voltage will exhibit a 
negative conductance or resistance, and the area beyond valley voltage will once 


again exhibit a positive conductance or resistance. 


Figure 35-2 shows a test set-up for the measurement of tunnel diode conductance 
versus applied forward voltage and a double exposure shows this plot of conductance 
referenced to the tunnel diode voltage versus current curve. Notice that starting 
at zero, the tunnel diode conductance becomes negative at peak voltage and becomes 
positive at valley voltage. Circuitry designed to take advantage of the negative 
conductance characteristic of the tunnel diode must have the tunnel diode operating 
in the area between peak voltage and valley voltage. We can also express this in 
terms of current. In order to take advantage of the negative resistance or con- 
ductance characteristics of the tunnel diode, the tunnel diode must operate in the 
area between peak current and valley current. Note in Figure 35-2 that the area of 
the greatest magnitude of negative conductance is that portion of the tunnel diode's 
El curve where the rate of change of negative current versus positive voltage is 


fastest. 


An accurate measurement of negative resistance might be made by placing a line tan- 
gent to the negative resistance portion of the curve and determining the change in 
current for a given change in voltage. A test set-up such as shown In Figure 35-2 
is not normally available, If the values of peak current, peak voltage, valley 

current, and valley voltage are known, these values will not give a measurement of 


negative conductance. Normally, a factor of two is added when peak and valley 


м 


=o 
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TEST SET-UP: TEKTRONIX TYPE 547 OSCILLOSCOPE, TYPE ''0'' OPERATIONAL AMPLIFIER 
PLUG-IN WITH TUNNEL DIODE DRIVER ADAPTER*, PHOTO BELOW TAKEN 
WITH TEKTRONIX TYPE C-12 OSCILLOSCOPE CAMERA, 


* NON-PRODUCTION ITEM 
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FIGURE 34-2 
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TEST SET-UP: TEKTRONIX TYPE 547 OSCILLOSCOPE, TYPE "0"! OPERATIONAL AMPLIFIER 
PLUG-IN WITH TUNNEL DIODE DRIVER ADAPTER*, PHOTO BELOW TAKEN 
WITH TEKTRONIX TYPE C-12 OSCILLOSCOPE CAMERA. 


* NON-PRODUCTION ITEM 
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CURVE (TOP) AND CONDUCTANCE CURVE (BOTTOM) 


FIGURE 35-2 
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voltage and currents are used to approximate the negative conductance of a tunnel 


diode. The formula: pos i) 


v -ν 
p у 


-gd z 


This formula gives a close approximation of the negative conductance offered by the 
tunnel diode. The 2 added in the formula is used to modify the answer since using 
peak and valley voltage directly will give only about half the negative conductance 


that the tunnel diode would offer in circuitry. 


TUNNEL DIODE AMPLIFIERS; 


To illustrate how the tunnel diode might serve as an amplifier, we might start by 
defining positive and negative resistance. First of all, by definition, a positive 
resistance dissipates power. Therefore, by definition, a negative resistance will 
generate power. Operated in the negative resistance region of its characteristic, 
the tunnel diode will show a negative resistance to a source, If the tunnel diode 
is properly biased and in suitable circuitry, to take advantage of its negative 
resistance characteristic, we would expect it to generate power, or more simply, 
Serve as a power amplifier. Let's carry this a bit farther and look at the circuit 


configuration indicated by Figure 36-2, 


GENERATOR 


+ 





FIGURE 36-2 


Note in Fiqure 36-2 that other than signal considerations have been neglected and 
the generator is supplying two positive resistances, КІ апа R2. If we assume that 
the generator is a constant current generator (referring to magnitude), the current 
in will divide between RI and R2, and the amount of current that will flow in each 
resistance is dependent on the amount of resistance of the individual branches. 

The current for either RI or R2 will be less than the input current in and no 


current amplification will occur. 
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Now refer to the diagram in Figure 37-2. The same generator is supplyinq i to a 


in 
negative and a positive resistance in parallel. 


GENERATOR 


-f= 





FIGURE 37-2 


The negative resistance can supply current to the positive resistance and the posi- 
tive resistance can have a current that is actually larger than lin" In such a 
configuration, current gain can be accomplished. The voltage across the parallel 
branch of the negative resistance and positive resistance is the same; therefore, 


any power gain will be governed by the amount of current gain obtained, 


Now refer-to Figure 38-2. An input voltage generator is supplying a negative 


resistance in series with a positive resistance. 


GENERATOR 





FIGURE 38-2 


If we assume that the input generator is a perfect qenerator, it has zero internal 
impedance and the voltaqe across the individual resistances will add to equal the 
input qenerator voltage. The input qenerator will see the algebraic sum of the 

negative and positive resistances as a total resistance, and the amount of current 


in the circuit will be governed by this. Assume that the input generator has a 
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value of 2mv, the negative resistance is -500, and the positive resistance is +489. 


This is illustrated in Figure 39-2. 


2 mvolts 
+ 


INPUT 
GENERATOR 





FIGURE 39-2 


The input generator sees a negative resistance оҒ -500 and a positive resistance of 
+480, or an equivalent series resistance of -22, By Ohm's law, the current is 
equal to 2mv divided by negative 22, or a -lma of current. The product of a nega- 
tive Ima of current and the -500 will give a positive 50mv across the negative re- 
sistance. The product of a negative Ima and the positive 482 will give a negative 
48mv across the positive resistance, The algebraic sum of the two voltages is, 
of course, the original input voltage of 2mv. However, if the output is taken 
across the negative resistance, we would find an output of +50mv. If the output 
is taken across the positive resistance, the output is a -48mv. The gain in the 
latter case 15 -48mv divided by 2mv Γ΄ , ог а voltage gain of 2h, 

Sin 
Since the current through the generator is the same as the current through the 
negative and positive resistance, the current gain is unity, and the power gain is 


proportional to the magnitude of voltage gain. 


From these examples, it can be seen that a negative resistance placed in series with 
a positive resistance and a generator can offer voltage and power gain. A negative 
resistance placed in shunt with an input generator and a positive resistance can 
offer current and power gain. Since we have already determined that a tunnel 
diode can exhibit a negative resistance characteristic if operated in the proper 
portion of its El curve, a tunnel diode might be used as a negative resistance in 
these examples. We can accomplish amplification with a tunnel diode. Amplifi- 
cation is normally limited to those devices with three or more active terminals, 


while the tunnel diode allows amplification with a two-terminal device. 
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TUNNEL DIODE SYMBOLS; 


Figure 40-2 shows some symbols that indicate a tunnel diode, The first symbol 
listed is the one normally used by Tektronix, Inc. in its schematic diagrams. The 
other symbols shown also indicate a tunnel diode, From this point on, we will use 


the first symbol shown in the Figure 40-2, 


FIGURE 40-2 


THE TUNNEL DIODE AS A CURRENT AMPLIFIER: 


When a negative resistance is placed in parallel with a positive resistance and 
driven by a generator, current gain can be accomplished. Figure 41-2 shows the 
voltage versus current curve for the tunnel diode with a dashed line, the voltage 
versus current curve for a parallel resistance with the dotted line, and the re- 
sultant voltage versus current curve of the two in parallel by the solid line. 

It is a requirement for linear amplification that the resultant curve shown in 
Figure 41-2 be positive at all points. This means that the positive conductance, 
of necessity, must be predominate when a resistor is placed in parallel with a 
negative resistance or a tunnel diode in a linear amplifier configuration. If the 
negative conductance is predominate, resultant negative conductance is exhibited by 


the circuit and oscillations or switching results. 


Since conductance is the reciprocal of resistance, it is nececessary that the posi- 
tive resistance in a linear tunnel diode amplifier configuration be less than the 
negative resistance of the tunnel diode. If this is so, the positive conductance 
will be predominate and the resultant curve will be positive at all points. If the 


tunnel diode is properly biased in its negative conductance region and placed in 
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a suitable parallel configuration with a positive resistance that is less than the 
diodes negative resistance, linear amplification can be accomplished. A configur- 


ation such as shown in Figure 42-2 might be used to bias the tunnel diode quies- 


cent! 
E 





FIGURE 42-2 


The total conductance seen by the generator in Figure 41-2 will be the algebraic 

sum of the negative and positive conductances. In the case of the circuit in 

Figure 41-2, the negative conductance of the tunnel diode is -71,400umhos (the re- 
ciprocal of -1Q), and the positive conductance of the resistor R. is 79,400umhos 

(the reciprocal of 12.62). The algebraic sum of these two conductances is 8,000umhos. 
The input generator then sees 8,000umhos as an equivalent conductance. This is a 
resistance of 1252. Since the predominate conductance is positive, the resistance 

is a positive 1250, We can formulate an input resistance equation for a parallel 
amplifier indicating that the input resistance is equal to the reciprocal of the 


algebraic sum of the conductances, or r. ] . The current gain in this 


input ^ 
"eut ο 
configuration is the ratio of the current flowing in R. to the input current. We 
can also say that the current qain is the ratio of the conductance of R to the in- 
put conductance; therefore, we might write the current gain formula as: 

oes! 

= g, +(-gd) 

At first glance, it might be assumed that if -gd and the positive g, were equal, 
the gain would be infinite. We must keep in mind, however, that in order to 
accomplish amplification, the tunnel diode must operate within the negative resis- 


tance or conductance region of its characteristic curve. The total current swing 


ο κ υ---- 


— 


RESULTANT OF RESISTOR AND TRIPLE EXPOSURE COMPARING 
TUNNEL DIODE IN PARALLEL THE THREE CURVES 


TEST SET-UP: TEKTRONIX TYPE 547 
OSCILLOSCOPE, TYPE ''0'' OPERATIONAL 
AMPLIFIER PLUG-IN WITH TUNNEL DIODE DRIVER 
ADAPTER* AND TYPE C-12 OSCILLOSCOPE CAMERA 


* NON-PRODUCTION ITEM 


NOTE: The non-linearity of the resistor 

El characteristic at the start (left hand) 
side is due to using the oscilloscope 

sweep waveform to drive the adapter. The 
sweep starts below ground and a diode in 
the adapter disconnects during this period. 
The non-linearity at the end (right hand) 

of the resistor El characteristic is due to 
limited current in the adapter power supply. 
The area of interest is linear, however. 


FIGURE 53-2 
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is, therefore, limited between peak current and valley current. It is also a re- 
quirement that the load resistance be less than the absolute value of the negative 


resistance of a tunnel diode. There are other requirements that will be dis- 


cussed later, 


Figure 43-2 illustrates the combination of a parallel positive and negative resis- 
tance. The first diagram in Figure 43-2 shows the tunnel diode voltage versus 
current curve. The apparent non-linearity at the start of the resistor Εἰ curve 
(lower left hand corner) is due to using the oscilloscope sweep waveform to drive 
the tunnel diode, There is a diode in the tunnel diode adapter that disconnects 
the sweep during the first portion since the sweep waveform starts below ground, 

At the right hand side, or the end of the resistor voltage versus current curve, 
there tends to be a bit of non-linearity and this is due to the limited current in 
the power supply in the driver adapter that is being used in the test set-up. The 
area of interest is in the negative resistance region of the tunnel diode curve, 
and the resistor curve is linear in this area. We will neglect the non-linear por- 
tions of the curve. The third diagram in Figure 43-2 shows the resultant of the 
combination of the positive and negative conductances and in this case, the posi- 
tive resistance is less than the negative resistance of the tunnel diode and the 
resultant curve is positive at all points, The triple exposure compares the three 
curves. A tunnel diode in this configuration properly biased in the negative con- 
ductance region with a parallel positive resistance having a lower value than the 
absolute value of the tunnel diode's negative resistance can be used as an amplifier 
configuration. This 15 assuming that too much reactance is not added and results 
in the tunnel diode breaking into oscillations. The stability requirements of the 


tunnel diode circuit will be discussed shortly. 


Let's review just a moment. First of all, the input conductance to a parallel 
tunnel diode amplifier is equal to the algebraic sum of the negative and positive 
conductances. The current gain is equal to the load conductance divided by the in- 


put conductance; therefore, the current gain is equal to: 


с) 


IL L : 
τε. = — = А, = current gain 
9, g Sin 


Since the voltage gain in this case is unity(if no series resistance is in the 


circuit to drop a voltage), the power gain is proportional to the current gain. 
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We can assume that the tunnel diode will be limited primarily to high frequency 
operation, the reason being that the layout for low frequency operation adds suffi- 
cient inductance and capacitance to cause the tunnel diode to break into oscill- 


ations. 


THE TUNNEL DIODE AS A VOLTAGE AMPLIFIER: 


When a negative resistance is placed in series with a positive resistance, voltage 
gain is made possible. We have already discussed that the negative resistance of 
the tunnel diode can be used in circuitry and accomplish voltage amplification and 


current amplification. 


Figure 44-2 shows a negative resistance in series with a positive resistance driven 
by a voltage generator. The voltage versus current curve for the tunnel diode is 
shown with a dashed line, the voltage versus current curve for the resistor is 
shown with a dotted line, and the resultant curve is shown by a solid line. The 
generator sees an input resistance that is the algebraic sum of the series resis- 

= f 


tances, or r + (-г4). The current is equal to the applied input gener- 


ator EE, Ы; the input resistance. The voltage across R is the product 
of the circuit current and the value of the load resistance Ri Since the input 
voltage is the product of the circuit current and the input resistance and the 
voltage across R is the product of В, and the circuit current, the voltage gain 


can be expressed as the ratio of the load resistance to the input resistance. In 


formula form: гү τι 
Α шу те. ee 


In the case of the circuit in Figure 44-2, the input resistance is the algebraic sum 
of the -I4 and a +12.6; therefore, the generator sees a -l.là. The current is 
equal to the input applied voltage divided by the input resistance. The input volt- 
age in Figure 44-2 is 11.9mv. 11.9mv divided by-1.4Q2 gives a circuit current of 
-8.5ma. The product of -8,4ma and a load resistance of 12.692 gives an output voltage 


оф -107.1ту. The voltage gain is the output voltage divided by the input voltage, 


ον ΤΕΝ, or 9. The voltage gain for the circuit in Figure 44-2 is 9. Expressing 


the voltage gain in terms of resistance, we might say that 12.60 (the resistance of 


the load resistor), divided by 1.40 (the input resistance), is equal to 9, and we 


— p p =. тч > = = 


= Bü 
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have validated our gain formula. Notice that the total conductance offered by the 
amplifier configuration must still be positive; therefore, the positive resistance 
must be less than the absolute value of the diode's negative resistance. The other 
stability criteria is also the same as for the parallel amplifier configuration. 
Since the current gain is unity, the power gain will be proportional to the voltage 
gain and the circuit will be limited to high frequency operation. From the 
voltage gain formula, it would at first seem that the gain would be infinity if 

-ry were equal to гү, However, we must remember that the total voltaqe swing must 
be kept within the negative resistance portion of the diode!s characteristic curve. 
The total voltage swing is limited between peak voltage and valley voltage. Тһе 


maximum available power from the tunnel diode can be approximated from the follow- 


ing formulas: ‘nat fy 4 у2 
-9 (t 
eksen 


wax (voltage amplifier) = =a 


and 


2 
' ) 
max(current amplifier) 2” 8 1-41 


V 


These formulas take into account that we must operate within the negative resistance 
region of the tunnel diode's characteristic in order to serve as an amplifier. | 

is the peak point current, l is the valley current, у is the valley voltage, V 

is the peak voltage, and l-gl is the absolute value of the negative conductance of 
the tunnel diode. We are using valley voltage and peak voltage, valley current and 
peak current, and the 8 in the formula gives an approximate answer that is close to 
the maximum power that the tunnel diode can supply a load, Recall that we modified 
the formula for negative conductance with a factor of 2. This same factor must be 
applied when dealing with peak and valley voltage and current points to determine 
the power that can be supplied to a load. Dealing with power, the factor becomes 
squared or 4 and then even optimum power transfer provides only a 50% efficient 


circuit and the factor becomes 8. 


HIGH FREQUENCY LIMITATIONS: 


There are two main high frequency limitations of the tunnel diode. One is the fre- 
quency at which the tunnel diode no longer exhibits a negative resistance character- 
istic and this is termed the resistive cut-off frequency. The other is the self- 


resonant frequency of the tunnel diode determined by the reactive components 
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associated with the diode and its encapsulation and any connecting leads. The re- 


sistive cut-off frequency is given the symbol К? and is given by the formula: 


eek, Ca LE et a 
"РЕБ “ЖС ντι К. ! 


where C is the junction capacity, l-gl is the absolute value of the diode's nega- 


tive conductance, and R. is the series resistance of the diode!s leads. 


The reactive cut-off frequency A is given by the formula: 


ο 

2 
f αλ ας ως 1-91 
хсо 27 L. C C 


where C is the total capacity, L. is the lead inductance, апд 1-31 is the absolute 


value of the diode's negative conductance, 


MEASURING TUNNEL DIODES WITH THE TEKTRONIX TYPE TRANSISTOR CURVE TRACER: 





Figure 45-2 shows a typical tunnel diode curve that might be observed on the 
Tektronix Type 575 Transistor-Curve Tracer, Note that the negative resistance re- 
gion of the curve is not visible. Figure 46-2 shows the same tunnel diode when 
placed in a strip-line environment and observed with the Tektronix Type 0 Operational 
Amplifier plug-in and a tunnel diode driver adapter in a Type 547 oscilloscope. 

Note the difference in the curve in Figures 45-2 and 56-2, The main reason for the 
difference is the resistance associated with the circuitry in the 575 Transistor- 
Curve Tracer. The series resistance in the Tektronix Transistor Curve Tracer causes 
the tunnel diode to act as a switch in most measurement situations, In other words, 
the total value of positive resistance is greater than the absolute value of the 
tunnel diode's negative resistance, and the tunnel diode cannot enter its negative 
resistance region. Interpretation of the display can be misleading. For instance, 
calculation of the tunnel diode's negative resistance can be off by a factor of 2 


when using the display in Figure 45-2. As a result of this, the formula 


- "- 
Га = 
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TEST SET-UP: TEKTRONIX TYPE 575 TRANSISTOR-CURVE TRACER WITH DIODE ADAPTER. 
PHOTO ABOVE TAKEN WITH TEKTRONIX TYPE C-12 OSCILLOSCOPE CAMERA. 


FIGURE 45-2 
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TEST SET-UP: TEKTRONIX TYPE 547 OSCILLOSCOPE, TYPE !'0'! OPERATIONAL AMPLIFIER 
PLUG-IN WITH TUNNEL DIODE DRIVER ADAPTER*, PHOTO BELOW TAKEN 
WITH TEKTRONIX TYPE C-12 OSCILLOSCOPE CAMERA, 


* NON-PRODUCTION ITEM 
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can be used to determine the approximate negative resistance of a tunnel diode when 
using the Type 575 Transistor-Curve Tracer. For the tunnel diode in Figure 45-2, 
peak current is about lOma, valley current is about l.5ma, peak voltage is about 
0.075V, and valley voltage is about 0.375V. Using the formula for negative resis- 


tance, the results are: 


and solving for negative conductance, we simply take the reciprocal of the formula 
and the result is: 


- = 2, Е M ~~ 2(10ma - 1.5ma) m -56 666. hos 
За” ore 70.075У/ - 0,375У 772% κ 


This approximates the negative resistance of a tunnel diode in Figure 45-2 as a 


negative 17.60 and the negative conductance at approximately -56,666umhos. 


Figure 47-2 shows a method by which the negative resistance can be measured with 

the Type 575 Transistor Curve Tracer. With this method, a variable resistor is 
placed in parallel with the tunnel diode, and its resistance adjusted. The resistor 
is started at a high value so that it has very little effect on the tunnel diode 
curve, and then its value is slowly reduced, Note from the measurements in Figure 
47-2 that, as the resistance is reduced, the positive conductance of the variable 
resistor becomes more and more pronounced in the equivalent shown on the cathode 

ray tube. When R. is very much greater than the neqative resistance of the tunnel 
diode, the tunnel diode operates in a switchinq mode. Notice that the tunnel diode 
will continue to operate as a switch and will not enter the negative resistance 


region until the variable resistor is adjusted so that it is just slightly less than 


the absolute value of the tunnel diode's negative resistance. When this occurs, the 


tunnel diode will stop switching to its second positive slope and will show a posi- 
tive conductance curve at all points. There might be a little bit of oscillation 
associated in the display on the CRT face; however, the point at which the tunnel 
diode stops switching to its second positive slope will be very pronounced. At the 
point that the tunnel diode stops switching to its second positive slope, the tunnel 
diode's negative resistance is slightly greater than the positive resistance of the 
variable resistor. The 575 is turned off and the variable resistor removed and 


measured. The positive resistance of the variable resistor will be slightly less 
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than the negative resistance of the tunnel diode. In the measurement set up in 
Figure 47-2, the negative resistance of the tunnel diode was measured as -140. You 


will recall that we approximated the negative resistance of this tunnel diode at 


-17.60. 


If the 575 is to be used to check tunnel diodes for possible failures or for char- 
acteristics that will cause it to malfunction in a circuit, a known good tunnel 
diode can be observed and the curve recorded, When a tunnel diode is removed from 
a circuit and checked, deviations from the known good tunnel diode curve can be 
used as an indication of a fault. A significant change in the peak to valley ratio 
of the unknown tunnel diode when compared to the known tunnel diode might be an іп- 
dication of a loss of the tunnel diode's characteristics, Use care because oscill- 
ations occuring can be the result of the measurement set-up. However, if the known 
good tunnel diode does not offer oscillations in the measurement set-up, it is well 


to expect the unknown tunnel diode to perform satisfactorily in the same measurement 


set-up . 


For more precision measurements of the tunnel diode, a strip line or transmission 
line environment must be observed. For many fast tunnel diodes, the reactance 
associated with the measurement set-up will cause it to break into oscillations. 

By making the tunnel diode a part of a transmission line where the reactances make 
up part of the transmission system, the tunnel diode can be observed without 
oscillations. It might even be necessary with very fast tunnel diodes to make them 
a part of a transmission line in order to measure them and use a little different 
approach than with devices that .do not exhibit a negative resistance characteris- 


fhe 


THE TUNNEL DIODE AS A SWITCH: 


The 575 Transistor-Curve Tracer does not allow the tunnel diode to enter the nega- 
tive resistance region of its voltage versus current curve, (The 575 resistance is 
greater than the tunnel diode's negative resistance.) The criteria for the tunnel 
diode to serve as a switch is that the positive resistance in the circuit be greater 


than the tunnel diode's negative resistance. Of course, proper biasing and circuitry 
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are also involved. 


Figure 48-2 shows the voltage versus current curve for a tunnel diode with a load 
line for amplifier action and a load line for switching action. Note that the load 
line with the positive resistance less than the absolute value of the tunnel diode's 
negative resistance and the magnitude of the bias voltage shown in Figure 48-2A has 
the load line intersecting the tunnel diode curve at only one point. In this case, 
it intersects in the negative resistance region. Of course, this is necessary for 
amplifier action. You will note that the slope of the load line is steeper than the 
slope of the tunnel diode's negative resistance curve. If the load line were not 
steeper, it would be impossible for it to intersect the negative resistance region 


at only one point and not also intersect the positive resistance regions. 


Figure 48-2B has the load line intersecting the tunnel diode curve at more than one 
point, and with the bias voltage shown, the tunnel diode could exist at any one of 
three points on the load line. The tunnel diode will have to exist somewhere on the 
load line. In Figure 48-2B, it could exist on the first positive slope where the 
load line intersects, in the negative resistance region where the load line inter- 
sects, or on the second positive slope where the load line intersects. With the 
bias voltage shown, however, the tunnel diode will exist on the first positive 
slope at its intersection with the load line if no external energy is applied to 
cause it to change resting points. If the input generator increases the bias vol- 
tage so that the load line no longer intersected the first positive slope, the 
tunnel diode will attempt to change to a point on the load line where it can exist. 
When the load line is moved as a result of an increase in the bias voltage by the 
input generator, it moves to a point where the tunnel diode cannot exist on the 
first positive slope. The load line no longer intersects the negative resistance 
area and it is impossible for the tunnel diode to enter the negative resistance 
region. The tunnel diode will simply switch to the second positive slope where it 
can rest once again on the load line, This is the reason for a linear amplifier de- 
sign criteria to be that the positive resistance must be less than the absolute 
value of the tunnel diode's negative resistance. If not, it is impossible for the 


tunnel diode to serve as a linear amplifier, 


When serving as an amplifier in a series configuration such as shown in Figure 48-2A, 


the input voltage will vary the bias voltage, the load line will move in the nega- 
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tive resistance region, and a current change will occur. The product of this 


current change and the load resistance will give the output voltage excursion. 


If the positive resistance and the absolute value of the diode's negative resistance 
were equal, the slopes of the negative resistance region of the tunnel diode's curve 
and the load line would be the same. If the bias voltage positioned the load line 
so that it were tangent to the tunnel diode's negative resistance curve, the tunnel 


diode could exist at many points on the load line. This is illustrated in Fiqure 


49-2. 
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Since it is possible for the tunnel diode to exist at many different points on the 
load line, any reactive components that would provide a change would result in the 
tunnel diode existing at a different point on its load line, In this type of a 
configuration with the negative resistance and the positive resistance being near 
equal and tangent, the tunnel diode will serve as an oscillator. This is assuming 


that the other criterion are met and this will be discussed shortly. 
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Figure 50-2 illustrates a load line and two types of configurations for switching 
applications using the tunnel diode. The tunnel diode can be driven with a current 
source or with a voltage source. In Figure 50-2A, the tunnel diode is biased quies- 
cently to exist at Point A on its characteristic curve. This is done by setting the 
bias voltage so that the load line intersects at Point A. |f the input generator 
increases the circuit current above the peak current of the tunnel diode, the tunnel 
diode can no longer exist at Point A and will switch rapidly to somewhere near Point 
B and then move down and exist at Point C on the load line. The transition from 
Point A to Point B can take place in fractional nanoseconds, limited primarily by 
the speed of tunneling. The transport time set by the type of material used to 
construct the tunnel diode also enters into the speed considerations. Gallium 
arsenide, with its fast electron mobility, might give a switching time less than 
O0.Insec, while germanium might typically give a switching time less than 0.3п5ес. 
Once the tunnel diode is resting at Point C on its curve in Figure 50-2A, the tunnel 
diode has no reason to switch back to its low state, Note also that when resting 

at Point C, the tunnel diode has the majority of the bias voltage across it. While 
in its low state, it had only a small portion of the bias voltage across it. Re- 
viewing Figure 50-2A, the tunnel diode can be biased quiescently to rest somewhere 
on its first positive slope. (in this diagram, at Point A). The input generator in- 
creasing the current above the tunnel diode's peak current forces the tunnel diode 
to switch to its second positive slope and then rest on its load line. This is in- 
dicated by Points B and C. Once switched to its second positive slope or its high 
state, it must be triggered once again in order to return to its low state. If the 
input generator reduces the circuit current below valley current, the tunnel diode 
will make an excursion from Point C to Point D and then rest once again at Point A 
with the circuit configuration shown. The switching excursion between A and B and 
between C and D can take place in fractional nanoseconds, The circuit is bi-stable 
in that it takes a trigger to switch it from Point A to Point B, and it also takes 


a trigger to switch it back into its low state. 


In Figure 50-2B, we have a similar action in that the tunnel diode is being used as 

a bi-stable switch, but in this case, the applied voltage is being varied to cause 
the tunnel diode to switch. If the same considerations are established with the 
tunnel diode resting at Point A, an increase in the bias voltage by the input gener- 
ator will move the load line so that it no longer intersects the first positive slope. 


The tunnel diode will switch to Point B and rest at Point C on the load line. The 
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tunnel diode switchinq from its low state to its high state can take place in a 
fractional nanosecond. To have the tunnel diode switch back to its low state, the 
input generator must reduce the bias voltage below valley voltage so that the load 
line no longer intersects the second positive slope. When this is accomplished, 


the tunnel diode will switch back to near Point D and then once again rest at Point A, 


Reviewing Figure 50-2B, the tunnel diode is a bi-stable, voltage driven switch. The 
switching levels are peak voltage and valley voltage, in that the input generator 
must move the load line beyond peak voltage in order to have the diode switch to its 
high state, and the generator must move the load line below valley voltage to have 
the tunnel diode switch back to its low state. The transitions can take place in 
fractional nanoseconds and the circuit is bi-stable, Point A and Point B on the 
tunnel diode characteristic are pretty well set (referring to voltage) by the type 
of semiconductor used in the manufacture of the diode, and Points A and B (referring 
to current) are set by the junction geometry which establishes the peak current of 
the tunnel diode. А germanium tunnel diode has Point A occuring at 55mv typically, 
and Point B at 500mv typically. The total voltage excursion with a germanium tunnel 
diode when switching from its low state to its high state is somewhat less than 450mv. 
Gallium arsenide tunnel diodes have a Point A voltage of 100 to 150mv. Point B in 
Figure 50-2 occurs at about llOOmv, This gives a possible total excursion of 


approximately one volt for a gallium arsenide tunnel diode. 


The signal generated when the tunnel diode switches from its low state to its high 
state can be used to turn on a non-conducting transistor and the small but very fast 
transition can then be found at the output circuit of the transistor in an amplified 
form, Some speed is sacrificed from input to output; however, with present day 
transistors, a sufficiently fast triggering signal can be obtained in this fashion, 


The output is sufficiently large to serve as a sweep trigger in oscilloscopes. 


Since sweep triggers for oscilloscopes are covered adequately in Chapter 10 and 11 of 
"Typical Oscilloscope Circuitry'' published by Tektronix, Inc., they will not be 
discussed here. In any count-down circuit, however, such as an oscilloscope sweep 
trigger, the device used to generate the trigger must have a risetime significantly 
faster than the risetime of the input signal at the highest expected input frequency. 
This fast rise characteristic may only occur over a portion of the device's operating 


characteristics as long as this is the portion used in generating the trigger. The 
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tunnel diode transition from its low state to its high state can take place in 
fractional nanoseconds. If this portion of the tunnel diode's switching character- 
istic is used to generate a triggering signal, the tunnel diode will allow interro- 
gation of very fast risetime, very high frequency pulses, or signals very close 
together without the inherent jitter or loss of triggering encountered when using a 
trigger source with a much slower risetime, Figure 51-2 shows a tunnel diode being 


used in such a configuration. 
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STABILIZING THE TUNNEL DIODE: 


Figure 52-2 lists the stability requirements of the tunnel diode for its three modes 
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of operation. Note that when the positive resistance is greater than the absolute 
value of the negative resistance, the tunnel diode will operate in no mode except 
the switching mode, which is considered an unstable mode. When the total positive 
resistance is less than the negative resistance of the tunnel diode, it is possible 
for it to serve as an amplifier; however, a further requirement is that the positive 
resistance be greater than the total inductance divided by the product of the ab- 
solute value of the diode's negative resistance and the total capacitance. When the 
positive resistance is equal to or less than the tunnel diode's negative resistance, 
and the positive resistance is also less than the total inductance divided by the 
product of the tunnel diode's negative resistance and the total capacitance, the 
tunnel diode will be operating in an oscillation mode, From Figure 52-2, the total 
inductance in the circuit is very important if the circuit is to serve as an ampli- 
fier. A small amount of inductance can result in the tunnel diode breaking into 


oscillations. 


THE BACKWARD DIODE; 


There are times when a conventional diode is required that has a very low conducting 
voltage drop. An example might be in a coupling circuit in tunnel diode configur- 
ations where the drop across a conventional diode would tend to cause a tunnel diode 


to switch states, There are many other applications, but this is an important ex- 


ample. 


The tunnel diode is constructed by adding a large amount of impurities to a semi- 
conductor diode when compared to the impurity levels of a conventional diode. This 
moves the fermi levels into the conduction band of the N side and into the valence 
band of the P side, When the fermi levels are lined up at equilibrium, there is an 
overlap of the valence and conduction bands of the two sides and tunneling is en- 
hanced across the very narrow junction, When forward voltage is applied, tunneling 
from the N side to the P side is increased and the result is the peak current of the 
tunnel diode. The amount of peak current is dependent on the geometry of the junc- 
tion. When reverse bias is applied to the tunnel diode, tunneling is increased from 


the P side to the N side and current increases just above zero reverse volts. 


A diode very similar in construction to the tunnel diode with heavy doping levels is 
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termed the backward diode. The backward diode, however, is doped with just enough 
impurities to have the fermi level in the N side exist at the bottom of the conduct- 
ion band and the fermi level in the P side exist at the top of the valence band. 

This is illustrated in Figure 53-2A. With the fermi levels placed as they are in 

the figure, the diode at equilibrium has no band overlap. When forward voltage is 
applied, tunneling from the N to the P side is not enhanced. In Figure 53-2B, for- 
ward voltage raises the conduction band of the N side up opposite of the band дар 

and the peak current that results is very low with respect to the tunnel diode. 

In Figure 53-2C, applied reverse voltage does enhance tunneling from the P side in- 
to the N side. This is still referred to as the tunnel breakdown mode and it does 
show a reverse voltage versus current curve similar to avalanche breakdown, Any 
diode that is doped sufficiently heavy to reduce the breakdown voltage below approxi- 
mately 6V of reverse voltage will break down primarily as a result of tunneling 
occuring. The big difference between this type breakdown and avalanche breakdown 

as far as temperature considerations are concerned is that an increase in temperature 
results in tunnel breakdown occuring at a lower reverse voltage. Therefore, a diode 
in tunnel breakdown will exhibit a negative temperature coefficient of voltage, while 
a diode in breakdown as a result of avalanche occuring has a positive temperature 


coefficient of voltage, 


Note in the voltage versus current curve in Figure 53-2 that with reverse voltage 
applied, reverse current flows at just above OV. If the diode is operated with re- 
verse voltage applied, to turn it on, there is only a very small voltage drop across 
the diode in the conducting mode. A diode can be operated in this mode if the power 
considerations are not prohibitive. With forward voltage applied, a near normal 
diode curve results. When operated in the forward direction, the diode requires 

the normal forward turn-on voltage for significant current to flow. The backward 
diode simply uses the P side as the cathode and the N side as the anode, and serves 
as a conventiona] diode in this fashion. This is illustrated in Figure 55-2, In 
other words, when it appears that we are applying forward voltage to a backward 
diode, we are actually applying a reverse voltage. The on characteristic of the 
backward diode is a result of what we have to this point referred to as reverse 
current, and it is a result of tunneling. The peak inverse voltage or the reverse 
breakdown point is governed by the point that we have to this point referred to as 
the forward turn-on or the forward conducting voltage of the diode. Therefore, the 


backward diode will have a very low reverse breakdown characteristic since it is 
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COMPARING A CONVENTIONAL AND A BACKWARD GERMANIUM DIODE 
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set by the forward turn-on voltage of the conventional diode. It will have a near 
zero turn-on voltage in the opposite bias direction, however, and a very low voltage 
drop when conducting. The symbol for the backward diode is shown simply as a con- 
ventional diode symbol, or sometimes a B is placed near the diode as shown in 

Figure 55-2, The symbol will have electron current against the arrow in the back- 
ward diode. The P side is used as the cathode and the N side as the anode, which 


is just the opposite of the conventional diode. 


To summarize the backward diode, it is simply a tunnel diode with near zero peak 
current. It is heavily doped to enhance tunneling from the P to the N side; however, 
the doping is not sufficiently heavy to enhance tunneling from the N to the P side 
when forward voltage is applied. The diode is operated with the P side as the 
cathode, the N side as the anode, and has a very low conducting voltage drop. The 
peak inverse voltage rating is essentially limited to the forward turn-on voltage 


of a conventional diode. 


SIGNAL AND FAST SWITCHING DIODES: 


The basic characteristics that have been discussed in general for diodes and most 

of the characteristics that have been discussed for specific diodes apply to all 
semiconductor junction diodes. We previously have stated that the particular appli- 
cation of a diode will, to a great extent, determine the doping level, the type of 
construction, the method of adding the impurities, the geometry of the device, and 
the encapsulation, Thermal considerations will be a prime determining factor in 
selecting the encapsulation. The magnitude of capacitance and inductance that can 
be allowed will also play a part in the selection of an encapsulation. Reactances 
must be kept to a minimum with tunnel diodes and, in some cases, the tunnel diode 


is not even placed in an encapsulation, but is placed in a strip-line environment. 


Fast switching diodes, although having the same basic characteristics as other diode 
devices, must have their reactances kept to a minimum. The required speed of the 
forward and reverse switching characteristics will govern to a great extent the 
construction and doping levels of the switching diode. These factors will also play 
a part in determining the type of intrinsic material that will be used in construct- 


ion of the diode. The speed of electrons as current carriers is fastest in gallium 
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arsenide, then germanium, and silicon in that order. If the mobility of majority 
carriers or the diffusion constant of minority carriers of the intrinsic material 
is not a limiting factor for speed considerations, silicon or germanium can be used. 
For sub-nanosecond switching, it might be necessary to use gallium arsenide or some 


other type of semiconductor material. 


As discussed with basic diodes, the amount of stored charge for a given forward 
current and hence the storage time of the junction is directly proportional to the 
minority carrier lifetime. The less impurities in the semiconductor, the longer 
the minority carrier lifetime (limited to the minority carrier lifetime of the in- 
trinsic material used). With fast signal and switching diodes, the storage time 
becomes a serious consideration, and some means of reducing the minority carrier 
lifetime will probably have to be used, To turn on a diode in the forward direct- 
ion, we first must charge up any depletion or transition region capacitance and 
establish the stored charge before the diodes will be in a conducting mode. To 
turn off a diode once in a forward conducting mode, the stored charge must be re- 
moved along with the carriers removed to establish a depletion region. A period 

of time is involved in turning the diode on in the forward direction and turning 
the diode off once it is in conduction. Most signal or fast switching diodes are 
checked by measuring their forward recovery and their reverse recovery under a 
given set of conditions. The forward recovery is the amount of time it takes to 
turn the diode on in the forward direction, and the reverse recovery is the amount 
of time involved turning the diode off once it is in full forward conduction. Fast 
diodes will be constructed for low capacitance and a low value of stored charge per 


unit of forward current to enhance fast switching times. 


Figure 55-2 shows a test set-up to measure the forward recovery of a fast switching 
diode. The fast rise pulse generator in Figure 55-2 applies a pulse that forward 
biases the non-conducting diode in the test fixture. To forward bias a diode, a 
positive voltage is applied to its anode or a negative voltage is applied to its 
cathode. The non-conducting diode will take a period of time to turn on. The for- 
ward recovery is the amount of time measured between the 10% and the 90% point on 
the rise of the diode forward current waveform. Note that the measurement in Figure 
55-2 shows that the diode has a forward recovery time of approximately 650picosec, 
or 0,65nsec. We could say that the diode measured in Figure 55-2 will turn on in 


about 650picosec. Actually, the diode will turn on a bit faster than this because 
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the display that we are measuring is limited by the risetime of the measuring system, 


and we will discuss this a little bit later. 


For now, we are concerned with measuring the forward recovery between the 10% and 
90% points on the current rise of a diode that is driven by a fast rising pulse 
generator, The pulse must forward bias the non-conducting diode. It should be 
evident that the fast rise pulse generator should have a risetime much faster than 
the forward recovery time of the diode being measured. The forward recovery time 
is the amount of time it takes for the diode to increase the number of minority 
carriers on both sides of the junction, charge the depletion layer capacitance, 


establish the stored charge, and have carrier recombination reach an equilibrium 


value, 


Table 8 covers this with a deeper approach than is necessary for this discussion. 


For those who want to pursue this farther, Table 8 can be used, 


The stored charge increases almost linearly with an increase in magnitude of forward 
current, In other words, if the magnitude of forward current is doubled, the amount 
of stored charge will approximately double, Since stored charge per unit of forward 
current is a function of the minority carrier lifetime, a parameter can be formulated 
that- will represent stored charge as a function of forward current. Т is the para- 
meter and it is stated in picocoulombs per milliampere. Tq indicates that a given 
value of forward current will result in a given number of picocoulombs of stored 
charge. Та is governed by minority carrier lifetime and this is discussed in Table 
8, if you would like to pursue it further. Given a та of 10 picocoulombs per 
milliampere for the diode in the test set-up in Figure 55-2, we should measure a 
stored charge of 800 picocoulombs. The forward current is 80ma, as shown by the 
cathode ray tube display, Taking the product of 80ma and 10 picocoulombs per 
milliampere, the stored charge is 800 picocoulombs. If the forward current is 
reduced to 40ma, we would expect to find approximately one-half the stored charge 


as indicated for a forward conduction of 80ma. 


Figure 56-2 shows a test set-up to measure the reverse recovery of a diode, The 
diode is first established in a forward conducting mode and then a fast rising 
pulse generator is applied. The fast rising pulse attempts to reverse bias the 


diode and turn it off. A reverse voltage is a positive voltage applied to the 
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diode's cathode, or a negative voltage applied to the diode's anode, 


The diode in Figure 56-2 is initially conducting 20ma of forward current. To cal- 
culate the approximate stored charge of the diode, we could take the product of 

20ma and the diode's та" In the reverse recovery measurement in Figure 56-2, we can 
measure the reverse recovery time of the diode. The reverse recovery time is mea- 
sured between the time of application of a reverse switching voltage to the forward 
conducting diode, and the time the diode reaches a specified value of reverse re- 
covery current, The measurement in Figure 56-2 indicates a reverse recovery current 
of 10ma. This is indicated by the symbol ег 
The conditions under which reverse recovery time t. is measured must be stated 

when stating ΠΣ In this case, the reverse recovery would be stated as recovering 
to a reverse current of lOma. The output impedance of the Type 109 Pulse Generator 
is 500, the impedance of the Type 291 is 500, and the input impedance of the Type 
15] Dual Trace Sampling Unit is 500. The diode sees 502 looking in either direction 
or a total loop impedance of 1002. We might also state that the reverse recovery 
was measured in а 1000 loop. Table 3-2 is added to allow the student that is inter- 
ested to pursue this farther than is required for this discussion. 


The following is a list of some symbols and characteristics used with fast switching 


diodes: 


FORWARD TURN-ON CURRENT (lep): 





Maximum value to which the forward current rises after the diode is switched with a 


forward switching voltage during a forward recovery time measurement. 


FORWARD RECOVERY TIME (tep): 


The time is takes the diode's forward current to rise from 10% to 90% of the forward 
turn-on current (le), after the diode is switched with a forward switching voltage 


in a forward recovery time measurement. 
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FORWARD CURRENT (1:): 





The amount of forward current passing through the diode before a reverse switching 


voltage is applied when making a reverse recovery time measurement. 


REVERSE RECOVERY CURRENT (i): 


Specified amount of reverse current to which a diode recovers when measuring re- 


verse recovery time IPTE 


REVERSE RECOVERY TIME (t..): 


Time interval measured between the time a reverse switching voltage is applied to a 
forward conductinq diode and the diode current reverses (passes through the 0 
current level), to the time the diode reverse current reaches the reverse recovery 


current (i) level. 


STORED CHARGE (Qe): 


Amount of charge stored by the diode that is recovered during a reverse recovery 


measurement, generally stated in picocoulombs. 


T: 


ds 


The amount of charge stored by the diode that is recovered during à reverse recovery 
measurement for each unit of forward current in milliamperes = . A convenient 
unit (usually picocoulombs per milliampere) for comparing the amount of diode stored 
charge charged for each unit of forward current. T assumes a linear relationship 


between stored charge and diode forward current. 
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FINAL RECOVERY VOLTAGE (v): 





Final recovery voltage across a diode when measuring reverse recovery characteris- 


tics, when the diode is said to recover to a given voltage level in 1000 loop. 


FORWARD SWITCHING VOLTAGE: 


A negative voltage applied to the diode's cathode, or a positive voltage applied to 
the diode's anode, usually in the form of a pulse with a risetime much faster than 


the forward recovery time of the diode, 


REVERSE SWITCHING VOLTAGE: 


A negative voltage applied to the diode's anode, or a positive voltage applied to 
the diode's cathode, usually in the form of a pulse with a risetime much faster 


than the forward recovery time of the diode. 


Fast signal and switching diodes will have the maximum ratings at a given tempera- 


ture given along with the switching characteristics of the diode. 


We should state at this time that the observed switching times on the face of the 
CRT in the previous measurements are degraded somewhat by the risetime of the 
measurement system. This is true of any measurement system in that it will degrade 
the measurement; however, if the amount of degradation is known, this is not a pro- 


blem. 


For the measurement system in Figures 55-2 and 56-2, the risetime of the individual 
parts of the measurements system are listed in Figure 57-2. Note that the risetime 
of the sampling oscilloscope (Type 661 with a 4S! Dual Trace Sampling Vertical Plug- 
In) is 0.35nsec or less. The cable risetime is normally stated as a 0 to 50% rise- 
time. In other words, coaxial cable risetimes are normally given for the rise of the 
cable from 0 to 50% rather than from 10% to 90%. In order to take the cable rise- 
time into account, the risetime of the cable must be converted to the 10%4 to 90% 


risetime figure. A quick approximation for converting cable 0 to 50% risetime to 
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FIGURE 58-2 time/CM of 0.2 nanosec/CM.) 


a risetime that corresponds to 10% to 90% is to take the product of the risetime 

given for 0 to 50% and the factor 30. In this case, we state that the risetime of 
the cable is somewhat less than 0.Insec after the conversion factor of 30 has been 
applied. The risetime of the 291 Switching Time Tester is less than 0.35nsec, and 
the risetime of the Type 109 Pulse Generator is less than 0.2nsec. The risetime 

measured on the cathode ray tube is approximately equal to the square root of the 
sum of the squares of all of the risetimes involved in the measurement system, and 


the risetime of the diode. |n formula form, this would appear as: 


RT 2 + RT 


2 2 2 
Mode 109 3 Мое * "ys1/651 7 Т 


RT т 
measured ~ cables 


By squaring both sides and transposing, the formula for the risetime of the diode 


reads: 


2 
22 вт 22 - RT4,,2 - RT 2 


2 
RT diode > NT essor < 109 291 451/661 ^ nt cables 


By taking the square root of both sides, the formula for the risetime of the diode 


reads: 


«Ἔ γ E EL JE PR 2 
В ане T RT measured RT 109 КТ о RT 45 1/661 RT cables 


All of the individual risetimes must be squared and then the square root is taken 

of the sum of all the squares. To simplify the calculations, the risetime of the 
system without the diode can be measured and used for solving the diode's risetime. 
To do this, the test fixture is shorted out and the risetime of the system is mea- 
sured on the face of the CRT. This is illustrated in Figure 58-2. With the test 
fixture shorted, the risetime measures approximately 0.5nsec. Nothing more has been 
done than simply shorting out the test fixture and applying a fast rising signal 
from the Type 109 directly through the system to the oscilloscope. A measurement 


is made between the 10% and 90% points to find the measurement system risetime. 


The formula to solve for diode risetime is now simplified to: 


v 2. 2 
АТ ой f WAT easured Rf system 
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The diode is inserted back in the test fixture and its risetime measured. The mea- 
sured risetime is inserted in the formula to solve for the actual diode risetime. 
The risetime of the diode is the square root of the risetime measured squared minus 
the risetime of the system squared. Suppose the measured risetime on the CRT is 
0.8ποες. This risetime was measured on the system in Figure 48-2. The risetime 


of the system is O.5nsec and inserting it into the formula: 


Да. 2 
x iode RT, as ured АТ ys tem 


А “ biter - Ú Snsec2 


m (0.64 - 0.25) nsec 
=\/0.39 nsec 


з 0.625 nsec 


A measured risetime of 0.8nsec actually is a risetime of approximately 0,625nsec, 
Since we know the degradation offered by the system, calculating the diode's rise- 


time is no problem. : = 


SNAP-OFF DIODE: 


A diode device that finds use in pulse generation and shaping is the snap-off diode. 
The term ''snap-off'' refers to the speed with which the diode reverse current cuts 
off when the forward conducting diode is switched with a reverse switching voltage, 
The conventional fast switching diode is designed to have a low τα for a low stored 
charge. This involves adding more impurities to reduce the minority carrier life- 
time. The snap-off diode is designed to have a fairly larqe С with respect to 
other switching diodes, but care is taken to see that the reverse current, as a 


result of stored charge, will decrease abruptly or ''snap-off"', 


Figure 59-2 shows a reverse recovery measurement of a conventional switching diode 
and a snap-off diode. The snap-off diode has a much greater stored charge per unit 
of forward current than the conventional switching diode, but the reverse current 


fall time is much faster in the snap-off diode, 
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The snap-off diode has controlled doping levels and, as a result, controlled minor- 
Ity carrier lifetime throughout the device. The minority carrier lifetime is main- 
tained long (few imperfections) near the junction; however, doping impurities 

(gold is typical) are diffused into the ends of the device to give a sharp change 
from a long to a short minority carrier lifetime. The result is a rather high re- 
verse current during the first portion of reverse recovery time. Once the minority 
carriers near the junction are depleted, however, the reverse current snaps-off 
abruptly. The snap-off can occur in fractional nanoseconds as shown in Figure 60-2, 
The lower photo in Figure 60-2 is simply an expansion of the snap-off region in the 


upper photo. 


Using the snap-off characteristic of the diode as the leading edge of a generated 
pulse can give a pulse with fractional nanosecond risetime. Establishing the snap- 
off diode in forward conduction in circuitry and then switching it with a reverse 
switching voltage can result in the generation of a very fast rising pulse provided 
proper circuitry is used, The diode will continue to conduct for the duration of 


the stored charge and then snap-off abruptly in fractional nanoseconds. 


Controlling the initial forward current of the snap-off diode controls the total 
stored charge and the storage time. This also allows control of the delay between 
the time of the application of the reverse switching voltage and time that snap-off 


occurs. 


Figure 61-2 top photo has the snap-off diode conducting 40ma of forward current 
initially and the storage time is approximately 6nsec, The bottom photo in Figure 
61-2 has the snap-off diode conducting 50ma of forward current initially and the 


storage time has increased to over 7nsec, 


To summarize, the snap-off diode has a large V^ when compared to a conventional 
switching diode. The snap-off diode has the minority carrier lifetime controlled 
by controlled doping, which results in the reverse current snapping-off abruptly 


in fractional nanoseconds, The snap-off characteristic is used. in fast risetime 


pulse generation and shaping. 
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FOUR LAYER DEVICES: 


The four layer or Shockley diode is a four layer triple junction device used in 
switching applications. Figure 62-2 shows a rough cross section and the symbols 


for this device. ANODE 





CATHODE 
FIGURE 62-2 


N material serves as a cathode while the second P material serves as the anode. 


Figure 63-2 shows the four layer diode with a forward voltage applied. 


7 ΑΝΟΡΕ- 





CATHODE 


FIGURE 63-2 


A forward voltage applied to the diode will attempt to forward bias the junction 
nearest the cathode and the junction nearest the anode. However, the center junction 
is reverse biased, The only current that flows with this polarity of bias applied 

is the diode's saturation current of the center junction. If the forward voltage is 


large enough to cause the center junction to go into an avalanche condition, a 
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large current can flow through the diode. The junctions nearest the cathode and 
the anode are simply forward biased junctions and when the center junction starts to 
avalanche, a large current can flow. If the applied forward voltaqe is variable 
and adjusted from zero to a voltage beyond the point that the center junction ava- 
lanches, the four layer diode exhibits a very high resistance until the center 
junction breaks down and then exhibits a very low resistance. Once the forward 
voltage point is reached at which the center junction begins to avalanche, the 
current in the circuit is limited by the series resistance in the circuit and the 
amount of forward voltage applied, The voltage point at which the center junction 
begins to avalanche is termed the forward switching voltage, and the diode switches 
to its on state at this point. If a reverse voltage is applied to the diode, the 
junction nearest the cathode and nearest the anode are reverse biased, while the 
reverse voltage attempts to forward bias the center junction. Current is limited 
by the diode saturation current of the two outer junctions until sufficient reverse 
voltage is applied to cause both of these junctions to enter breakdown. The four 
layer diode with reverse voltage applied exhibits a reverse characteristic similar 
to a conventional diode; however, the breakdown voltage is approximately twice that 
of a conventional diode made of the same material. Since the four layer diode is 
not dependent on diffusion current in a narrow base (as in a transistor), a large 
amount. of current may be handled for a given device size when compared to a tran- 


sistor. 


Figure 65-2 shows the voltage versus current characteristic of a four layer diode 
with forward voltage applied (measured on a Tektronix Type 575 Transistor-Curve 
Tracer). The forward switching voltage of this particular diode is between 45V 

and 50V, When the applied forward voltage is below the forward switching voltage, 
there is a very small current and a relatively large voltage across the diode. 

There is approximately 45V across the diode in the first CRT display in Figure 64-2, 
When the forward switching voltage of the diode is exceeded, there is a fast tran- 
sition from the diode's high resistance state to its low resistance state. Once into 
the low resistance state, the current is primarily limited by the series resistance 
in the circuit and the applied voltage. When the resistance of the diode changes 
rapidly from a high resistance to a low resistance, the voltage across the diode 
changes from a large voltage to a small voltage. The time of this transition takes 
place in a microsecond or less typically, and the amount of switching power can be 


very large. Maximum power dissipation is governed by the same factors previously 
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discussed for conventional diodes, 


To return a conducting four layer diode to its off state, the current must be re- 
duced below the point indicated by the arrow marked Point B in Figure 64-2, This 
current point is termed the holding current. Once the diode has been switched to 
its conducting state, and the current is above the holding current level, the diode 
will remain in its conducting state. То switch the diode to its non-conducting or 
off state, the current must be reduced below the holding current level. This might 
be done by reducing the applied voltage below a level at which the series resistance 


will limit the current below holding current level, or the circuit can be triggered 


with a current source, 


The four layer or Shockley diode can be switched by increasing the forward voltage 
above the forward switching level, This results in the diode switching to its on 
state, The current must be reduced below holding current to switch the diode back 


to its off state. 
Figure 65-2 shows the symbols for the four layer or Shockley diode. The symbol іп- 
dicated with the Å is the one used by Tektronix, Inc. Electron current flows against 


the arrow shown in the four layer diode symbol, while-conventional current flows 


with the arrows in the symbols. 


ANODE 


A CATHODE 


FIGURE 65-2 


THE SILICON CONTROLLED RECTIFIER: 


Another four layer triple junction device similar to the four layer diode, with the 


addition of a gate contact, is the silicon controlled rectifler Figure 66-2 shows 


174 


the symbol and cross section of the silicon controlled rectifier. 


B 





FIGURE 66-2 


The added gate connection allows control of the current in the junction nearest the 
cathode. This controls the number of minority carriers in the P material of the 
junction nearest the cathode, and controls the point at which the center juncttoa 
will go into an avalanche breakdown condition. The point at which the center junc- 
tion enters avalanche breakdown determines the forward switching voltage of the 


diode. 


The four layer diode has one forward switching voltage-which must be exceeded in 
order to switch the diode to its on state. The silicon controlled rectifier can 
have its forward switching voltage decreased by application of a gate current. Тһе 
diode can be quiescently biased just below its normal forward switching voltage. 

The application of a gate current reduces the forward switching voltage to a level 
below the bias voltage and the diode automatically switches. Since the bias voltage 
is above the new switching level with a gate current applied, the diode switches on. 


Figure 67-2 illustrates this. 


Figure 67-2 is a measurement of the silicon controlled rectifier's characteristics 
on the Tektronix Type 575 Transistor-Curve Tracer. Biasing the diode at Point A in 
Figure 67-2 with no gate current applied, the diode remains in its non-conducting 
state. Applying a gate current of the magnitude required to reduce the switching 
voltage below Point A results in the diode automatically switching to its conducting 
state. The reason it switches is that the applied bias voltage is above the new 


switching voltage required to cause the diode to go into its conducting state. 


175 


FORWARD 50 
CURRENT 


(ma) 
GATE CURRENT APPLIED 


O GATE CURRENT 





POINT A 
FORWARD VOLTAGE „p 
(VOLTS) 


SILICON CONTROL RECTIFIER El CHARACTERISTIC 


VERTICAL HORIZONTAL 
lOma/div. 20V/div. 














POLARITY + 


BASE STEP GENERATOR 


< 
Š 
4 SUPPLYING GATE CURRENT 


POLARITY + 
PEAK VOLTS RANGE 





Sa 
575 COLLECTOR 


0-200 E TERMINAL 
PERCENTAGE 100% | SILICON CONTROL 
RECTIFIER 


SERIES RESISTOR 2K | 
Må 575 BASE TERMINAL 


575 EMITTER TERMINAL * 


TEST SET-UP: TEKTRONIX TYPE 575 TRANSISTOR-CURVE TRACER MOD 1226 
TOP PHOTO TAKEN WITH TYPE C-12 OSCILLOSCOPE CAMERA 


FIGURE 67-2 


176 


Once the diode is in its conducting state, the gate has no further affect on the 
diode. The diode current must be reduced below the holding current level in order to 


switch the diode back to its non-conducting state. 


An analog might be drawn between the four layer diode and the familiar voltage regu- 
lator (VR) tube. Once the VR tube ionization potential is overcome, the resistance 
of the device will vary with the applied voltage as will the resistance of the four 
layer diode. The big difference between the four layer diode and a gas filled regu- 
lator tube characteristics is that the gas filled tube maintains a voltage drop 
across it near its ionization potential while the four layer device has a large 
change in the voltage across the device when it goes into its conducting state. An 
analog can be drawn between the silicon controlled rectifier and the thyratron tube. 
Silicon controlled rectifiers are replacing thyratron tubes in many applications. 
The advantages of the SCR are that it is a solid state device, smaller size, larger 


power handling capabilities, and better stability. 


By properly selecting the bias voltage applied to the silicon controlled rectifier, 
the gate current can be made to reduce the switching voltage below the bias voltage 
at a given point in a half cycle of an a-c signal. By phase shifting the signal 
applied to the-gate, the silicon control rectifier can be made to enter its con- 
ducting state at any point in an a-c signal. There are many applications of a 


silicon controlled rectifier. This is simply an example. 


Figure 68-2 shows some CRT displays of silicon controlled rectifiers with different 
magnitudes of gate currents applied. As the magnitude of the gate current is in- 
creased, the forward switching voltage of the diode is decreased, Once the diode 
is switched to its conducting state, the current must be reduced below the holding 


current level in order to switch to its non-conducting state again. 


177 














FORWARD 50 
CURRENT 
(ma) t 
EDEN E НЕ ΙΞΊπΕ 
| | TET | 
IEEE қз аха ра абе 
0 500 
FORWARD 2 | 
VOLTAGE 
(VOLTS) GATE CURRENTS 
100 
FORWARD 50 ҮРЕ: 1 NOTE: GATE CURRENTS 
CURRENT ME: | INCREASE WITH 1 THE 
(ma) ON LOMEST MAGNITUDE. 
° Ка ТЕ жа, алу. 
PE 
FORWARD 
VOLTAGE —— 6 | 
(VOLTS) GATE CURRENTS 


TEST SET-UP; TEKTRONIX TYPE 575 TRANSISTOR CURVE TRACER, MOD 1226, 
PHOTOS TAKEN WITH TYPE C-12 OSCILLOSCOPE CAMERA, 


FIGURE 68-2 


178 


QUESTIONS FOR SECTION 2 


Read each question carefully studying any diagrams provided and select the most 
correct answer. 


l. Surrounding the material to be doped with the dopent in a gaseous form, and 


then subjecting it to heat is termed doping by 


thermodynamics 
diffusion 

epitaxial deposition 
planar masking 


а осш 


2. Close control of silicon rectifier characteristics is accomplished by doping 
with the process in high | silicon. 


epitaxial layers, resistance 
rate growing, resistance 
diffusion, resistance 

rate growing, reactance 


сәс C Uv 


3. Maximum operating temperature of silicon rectifiers is about 


degrees centigrade. 


а. 175 
b. 100 
с. 165 
d; 75 


4. When sufficient voltage is applied to turn on a diode in the forward direction, 
or cause breakdown in the reverse direction, the current is 
limited. 


resistance 
depletion layer 
stored charge 
majority carrier 


ап сш 


5. А forward biased silicon diode exhibits a temperature coeffi- 
cient of voltage at low currents, which means the diode voltage will 
with an increase in temperature. 


positive, increase 
negative, increase 
positive, decrease 
negative, decrease 


а.о сш 


reo == 


pue 


pee 
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6. A silicon diode in avalanche breakdown has a temperature co- 


efficient of voltage. 


a 
b. 
ес. 
d 


negative 

positive 

0% 

-].2V/degree centigrade 


7. The peak value of a-c voltage that can be applied to a silicon rectifier is 


limited 


сәс со 


8, The forward voltage drop of a silicon diode will vary with 


со со 


by the diodes' š rating, 


peak forward voltage drop 
maximum forward current 
maximum reverse current 
peak inverse voltage 





and | š 


forward current, series resistance 
junction capacity, ambient temperature 
forward current, ambient temperature 
ambient temperature, stored charge 


9. The diode's forward current and voltage can be used to calculate diode's forward 


асп то 


10. Maximum 


ас сто 


-- 


1 


ао осо 


L r= —— Д ο. = 


power dissipation, resistance 
biasing, resistance 
capacitance, time constant 
reactance, resistance 


steady state power dissipation of a silicon rectifier is limited by the 


and 


* —————————I 


series resistance, thermal resistance, maximum junction capacity 
thermal resistance, maximum junction temperature, ambient temperature 
thermal resistance, thermal time constant, thermal capacity 

series resistance, applied voltage, ambient temperature 


Attaching a silicon rectifier to an external heat sink reduces total 


power dissipation 
ambient temperature 
thermal capacity 
thermal resistance 
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12. Silicon rectifiers are stacked in series to increase the _ rating. 


а. peak inverse voltage 
b. forward current 
c. forward voltage 
d reverse current 


13. For proper operation, series stacked rectifiers must have near equal 


and , or they may be damaged. 


reverse resistances, forward voltages 
stored charges, reverse resistances 
forward voltages, forward currents 

peak inverse voltages, reverse currents 


а. о сгш 


14. Shunting resistors may be added to series stacked silicon rectifiers to mini- 
mize the effects of unequal 


stored charges 
forward voltages 
reverse resistances 
forward currents 


аш со 


15. Shunting capacitors may be added to series stacked silicon rectifiers to mini- 
mize the effects of unequal 


reverse resistances 
forward currents 
stored charges 
forward voltages 


ало со 


16. А junction at equilibrium has the two ends separated by a depletion region, 
and serves as a that may be varied by application of 


a. resistor, light energy 
b. inductor, voltage 

c. capacitor, voltage 

d, conductor, pressure 


| is the symbol for a - 


voltage variable capacitor 

. Snap-off diode 

step recovery diode 

temperature compensated zener diode 


17. 


по со 


— не (нн ыы p me 


20. 


21. 


22. 


23. 
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The name zener diode is misleading because 


it was developed by Mr. Esaki 

many zeners operate in avalanche breakdown 
it is not really a diode at all 

most zeners operate in tunnel breakdown 


апо со 


The zener diode normally operates in the region of its El 
characteristic. 


reverse breakdown 
low reverse current 
high forward current 
forward saturation 


an го 


The point of entry into the normal zener diode operating region of the EI 
curve is termed the 


zener zone 

push through point 
diffusion point 
zener knee 


оо со 


When operated as a voltage reference, the zener diode circuit shown will have 


electron movement from to through the diode. 


а. В, А. 
Б. А, В 





Power dissipation by the zener diode is limited by | considerations 


as/than other diodes. 


a. different 
b. the same 


The number 10M47Z5 indicates a ! | watt zener diode. 


а. 47 
b. 5 

с 10 
а 1/5 
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24. 


25, 


26. 


2]. 


28. 


29. 


The number 50M47Z indicates that the zener diode has a % nominal 


zener voltage tolerance. 


a. 50 
в. 47 
сұ 3 

d, 20 
е. 10 


The voltaqe requlator (VR) tube is limited to a minimum voltage of about 
. volts, while the zener is available over the entire voltage 


range up to several hundred volts. 


а. "12.3 
5: 70 
с. 105 
а, 28 


The noise level qenerated in a zener diode is as/than the 


noise level generated in a VR tube. 


a, much less 
b, about the same 
с. much greater 


A shunting will reduce the noise level in the zener diode. 


a, capacitor 
b. conventional diode 
с. resistor 
d. inductor 


A zener diode operating in breakdown has a positive temperature 
coefficient of voltage. 


a zener 

b. tunnel 

c. avalanche 

d. punch through 


A forward biased diode at low currents has a temperature co- 


efficient of voltage. 
a. positive 
b. negative 
c. zero 


30. 


32. 


33. 


34. 


35. 
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A zener diode operating in avalanche breakdown can be temperature compensated 


with a placed in with the zener. 


a. capacitor, shunt 
b. forward biased diode, series 
c. inductor, series 
d. forward biased diode, parallel 
Zener diodes connected series opposing will tend to temperature compensate 


each other when the nominal zener voltage is above approximately volts. 


ап то 
W— Na 


Tunnel breakdown is enhanced when the doping levels reduce the reverse break- 


down voltage below approximately volts. 


a 15 
в. ο 

b». 3 

d 1.5 
e. zero 


Tunnel diodes have tunnel breakdown occuring with : voltage 
applied. Ы 

а. forward 

b. reverse 

c. both of the above 


The tunnel diode has a region of between the tunnel breakdown 
point and the normal forward turn on point of a conventional diode. 


zero conductance 
zero resistance 
negative resistance 
positive conductance 


сс со 


Tunnel diodes have the conduction band of the N side and the valence band of 


the P side at zero bias. 


spread apart by 6 electron volts 


separated by a wide junction 
overlapped 
about 10 winches apart 


cC ou vm 
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36. 


37. 


38. 


39. 


40. 


hl. 


42. 


Reverse voltaqe applied to a tunnel diode results in increased tunneling from 
the to the side. 

mo NL Р 

b, GV 


The magnitude of tunnel diode peak current (1) is determined by junction 


geometry 

doping levels 
forward voltage 
reverse voltage 


CG. G T O 


Valley current is measured at a point between and 


tunnel breakdown, avalanche breakdown 

zero bias, peak current 

peak current, normal forward turn on 

normal forward turn on, avalanche breakdown 


Ф 


сос 


A negative resistance can be defined as a resistance that will 


power. 
a. generate 
b. dissipate 
c. store 
The tunnel diode will serve as an amplifier when placed in proper circuitry 
and operated 


a. on the first and second positive slopes 

b. on the first positive slope only 

с. in the negative resistance region and the first positive slope 
d in the negative resistance region only. 


Current amplification can be accomplished by operating the tunnel diode in an 
amplifier configuration in with its load resistor. 


a. series 
b. parallel 


moe n 


Symbol is not a symbol for a tunnel diode. 


ο ο γω 
о Ow > 


53. 


цц. 


45, 


56. 


47. 


48. 
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To serve as an amplifier, the negative resistance of the tunnel diode must be 


to/as/than the total circuit positive resistance. 


a. greater 
b, less 

c. as large 
d. equal 


The total resultant conductance of a tunnel diode amplifier circuit must be 


inductive 


a, 

b. capacitive 
с. negative 
d. positive 


The tunnel diode will switch between positive slopes when the circuit positive 
resistance is the tunnel diode negative resistance. 


a. less than 
b. equal to 
c. greater than 


The positive resistance of the Type 575 Transistor Curve Tracer generally 
makes it impossible to observe the negative resistance region of the tunnel 
diode El curve, since it forces the tunnel diode to operate in the 

mode. 

switching 

amplifier 


stable 
carrier insertion 


ап ло 


A tunnel diode switch can be current or voltage driven and wiil switch be- 
tween slopes in fractional seconds. 


a negative, pico 
b. positive, milli 
c. positive, atto 
d positive, nano 


To switch a tunnel diode from its high state to its low state requires that 


the current be 


increased above peak current 


decreased below valley current 


cut-off completely 
increased to diode saturation 


ad & ш 
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Ң9. 


50. 


51. 


52, 


53. 


55, 


The majority of the supply voltage in a tunnel diode switching configuration 
will be across the diode when it is in its state. 


a. high 
b. low 


A diode with doping levels and construction similar to a tunnel diode, but 
with near zero peak current, is termed a diode. 


voltage variable capacitor 
snap-off 

half tunnel 

backward 


ап со 


A diode that offers a very low conducting voltage drop when used as a con- 
ventional rectifying diode is the diode. 


snap-off 
snap-on 

step recovery 
half tunnel 
backward 


onan ow 


Forward recovery in a fast switching diode occurs during the time the current 
changes from _—to when switched with a switching 


voltage. 


a. zero, a forward equilibrium value 

b. a forward equilibrium value, zero 

c. a forward equilibrium value, a designated recovery level 
d. on, off 


Forward recovery is measured between the Z and % current 
points when the diode is switched with a switching voltage. 


a. 90, 10, reverse 
b. 50, 50, forward 
с. 10, 90, forward 
d. +50, -50, reverse 


Reverse recovery is the time interval between the application of a 
switching voltage to a conducting diode, and the point at which reverse 
current reaches 


a reverse, designated recovery level 
b. forward, designated recovery level 
с. reverse, zero 
d. forward, zero 


55. 


56. 


57. 


58. 


59. 


60. 
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Forward switching voltage is a voltage applied to a diodes 
cathode, or a voltage applied to a diodes anode. 


a. positive, negative 
b. negative, positive 


The carriers recovered during reverse recovery time make up the diodes 


depletion reqion 
surface leakaqe 
contact resistance 
stored charge 


ano ® 


Q. is the symbol for diode stored charge, but a convenient unit of measure 
usually given in pico-coulombs per milliampere, is given the symbol 


ф 
τη 


q 
24 
4 


ос сш 


Stored charge varies directly as and 


minority carrier lifetime, forward current = 
minority carrier lifetime, reverse switching voltaqe 

forward current, reverse switchinq voltaqe 

forward switching voltage, minority carrier lifetime 


ап то 


The snap-off diode is designed for a stored charge per unit of 


forward current, and a fast time of the reverse recovery 


waveform. 
a. low, fall 
b. high, rise 
с. high, fall 
d. low, rise 


The snap-off diode continues to conduct for the duration of the 


when switched with a reverse switching voltage. 


reverse switching voltage 
stored charge 

carrier cancellation time 
week 


ano 
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61. 


is the symbol for a diode. 


shockley 

snap-of f 

back to back zener 
four layer 

either a or d 


@ c OQ w 


62. 


is the symbol for a ‚ апа А indicates the 


snap-off, injector 

four layer, control lead 
shockley, shield 

silicon control rectifier, gate 
shockley, gate 


oan то 


T 
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TABLE 8 


A PN diode with forward voltage applied, conducts electron current in the 
direction shown by the arrows in the circuit, external of the diode. If 
you prefer the conventional current approach, change the direction of the 


arrows, 


- !+ 


The process within the diode is not this simply shown. Plotting the minority 
carrier densities with respect to the forward conducting junction (minority 
carriers being electrons in P type (n). and holes (p, ) in N type) indicates 


that several transports are involved. 


T TF 


MINORITY 
CARR I ER 
DENSITY 
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TABLE 8 (Continued) 


It could be assumed that holes and electrons recombine right at the transition 
region of the diode and the electron current in the external circuit results, 
but in most cases this model is not a complete enough. One must consider 

the decrease in minority carriers with respect to distance (time) from the 
junction. This indicates a more complex model, perhaps such as shown 


below. 





The model, as shown above, represents the recombination of holes in 

the N side (р), the recombination occurring in p and the carriers (holes) 
diffusing in NL The recombination and diffusion of electrons in the P side 
could be shown similarly. Actually this is an over simplification since 

the different density of minority carriers across the N side represents a 
charge that should also be represented plus the charge across the transition 


region (junction) should be indicated 


From Table 3: 


"AE COTES 
(e T TREE T жа 
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TABLE 8 (Continued) 


Ife- e, 2» (several times) KT the occupation probability function reduces to: 


_ "(e= é) 
Ke) =< = 


(Maxwell-Boltzman statistics which may be used when the probability Is small) 


For a PN junction, the number of electrons at the top of the barrier can be 


found by the f la: 
ound by e formula 2 ад, 


"o s € KT 


where пр density of electrons at the top of the barrier A. with no external 
voltage applied 


n density of electrons in N side of junction 


n 


А, 


Баггіег ог built-in voltage (see Table 7, Page 80) 


With a forward voltage applied across the junction, the number of electrons at 


the top of the barrier is given by: 


“аа -м 
"By = Пл ε KT 


where Ngy = number of electrons at the top of the barrier with forward voltage 


applied 
д, = barrier voltage 
V = applied voltaqe 


The number of electrons in excess (injected) in the P region with forward vol- 
tage applied is given by: 
"a δν Че a d do зы, WR 

P € KT p 


where ng 7 excess electrons in the P region 


n number of electrons at the top of the barrier 


Bv 


n 


p electrons normally present in the P region due to thermal generation 


When the junction is at equilibrium with no external voltage applied, the number 


of electrons at the top of the barrier (ng) must equal the normal number of 
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TABLE 8 (Continued) 
electrons in the P region (п). 


Therefore: - qA 





and with applied voltage, substituting in the foregoing formula: 


9 = ays 
"By np ы η (e KT 1) 


The number of electrons diffusing (injected) into the P region can be found by 


the formula: qv 
| å q D. "p ( € KT l ) 
Dn ` L. 


where I" = electron diffusion current into the P region 


L 
n 


11 


diffusion length for electrons in the P region 





L =D r 
n n n 


where D = electron diffusion constant 


lifetime of electrons in the P region 


|] 


Tn 


The number of holes diffusing (injected) into the N region can be found by the 


formula: а ` а 0 Pn TY. - 1) 
p 
where pp = holes diffusing into the N region 
a = hole diffusion constant 
ls = hole diffusion length 


where u^ = hole diffusion constant 


| 


~ 
| 


lifetime of the holes in N region 
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TABLE 8 (Continued) 


The total current in the junction is the sum of the two currents, or: 


qD p qD n 
| ж ха? abe—LL et S> 
Dj Dp Dn " E. εΚΤ -] 


ах. 
кт 
approaches -! and the reverse current or saturation current is essentially: 


qD p а 0,1 
(e) e 
p n 


When the applied voltage is negative (reverse voltage), the expression (¢ 





Factoring out q and substituting for L_ and Lo the formula becomes: 


p 
D D 
s n τρ р Tn 


and the diode current can be found by the formula: 


е: ДУ 
Не қ T KT -1 ) 


The current in the external circuit with forward voltage applied is dependent 
on the number of minority carriers adjacent to the junction which is related 
exponentially to the applied voltage and temperature. The voltage on the N 
side (Np) is proportional to the number of holes in the N material adjacent 
to the junction (р) as shown by: 
= ЗУ 

Νε нәр, (е Кт =! ) 

and the voltage on the P side (Ρε) is dependent on the number of electrons 


(п,) adjacent to the junction shown by: 


å ЗУ 
ε.α («ұт-!) 
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TABLE 8 (Continued) 


K = boltzmanns constant, T = temperature, V = applied voltage, and q = charge 


on the electron.) 


The same expressions hold with reverse voltage applied; however the sign of 
the voltage changes and the current changes direction. The minority carriers 
adjacent to the junction with reverse voltage applied, are primarily available 
due to the formation of hole-electron pairs by thermal energy, while the 
minority carriers adjacent to the junction with forward voltage applied are 


primarily injected from the opposite side of t..e junction. 


If, however, the diode is switched rapidly from a forward voltage to a re- 
verse voltage, there is a large number of minority carriers adjacent to the 
junction at the time of switching. These are the minority carriers that have 
not had the opportunity to recombine during the forward conduction process. 


This is sometimes referred to as diode stored charge. 


We can expect a fairly large current after a forward conducting diode is 
switched with a reverse voltage, until the stored charge is depleted. The 
current will then be limited by the number of minority carriers adjacent to 
the junction as a result of thermal energy (disregarding any surface leakage, 


etc.) and is termed les diode saturation current. 


The hole current (1р) varies as №; and the electron current (1) varies as 


Ρε, and the sum of the two (1. + n = | external) is the current in the ex- 
"E "E м 
ternal circuit, thus я [εἴτ - 1), so | external varies as the 
4 | 
ay å де 
т l) or; ! external = ы (етт 1). 


From this, we can see that we have to deal with the transport of electrons and 
the transport of holes and the recombination of both, plus the charge repre- 
sented by the difference in minority carrier density for both holes and 


electrons in the two sides of the juncti 


TABLE 8 
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(Continued) 


Lumped Semiconductor Models: 


Hedgedus 


(h) outlines a more rigorous measurement approach; however, the less 


demanding models of John Linvill and J. F. Gibbons (1, 2) and the continuance 


and expan 
Gibbons ( 


sion of these by Р. E, Gray, D. DeWitt, A. R. Boothroyd, along with 


3) offer a refreshing approach to semiconductors. 


In developing a model for a PN junction diode, the following key approximations 


are made: 


а. 


Holes move in N material primarily by diffusion and electrons move 


in P material primarily by diffusion. 


The minority carrier densities adjacent to the junction are exponen- 
tially related to the applied voltage and hole and electron currents 


are continuous through the junction. 
qv 
| external = 1. G - 1) 


Essentially all the applied voltage appears across the junction, 


The voltage drops across the N and P regions are negligible be- 


-cause of the high density of majority carriers, Space charge 


neutrality applied. 
= ДУ. d A - 
Ρε пр εκτ” U МЕ = Рр (Кт № 
where; Ρε = voltage on the P side 


N- = voltage on the N side 


E 
п, = electron density in the P side adjacent to the junction 
р, = hole density im the N side adjacent to the junction 


q = charge on thë electron 
v = voltage applied 

K = Boltzmanns Constant 

T = temperature 


Pe + Νε = voltaqe across the transition region or junction 
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TABLE 8 (Continued) 
d, Тһе № and P regions are connected to ohmic contacts of negligible 


resistance, 


Since the relationship of current and voltage in a PN diode is exponential, 
it is desired to deal with current in terms of charge and time rather than 
voltage. The time constants involved are determined by the physical and 
electrical characteristics of the semiconductor material used, Among these 
are the lifetime of the minority carriers, the mobility constant of majority 
carriers, the diffusion constant of the minority carriers, etc. Rather than 
using conventional electrical symbols when dealing with models of semicon- 


ductors, the parameters are represented by their own symbols. 


John Linvill and J. F. Gibbons (1, 2, 3) use the following symbols to indi- 
cate the diffusion transport mechanism and the recombination mechanism rather 
than the resistors, Ғы апа Га’ that were used in the simple model previously 
discussed. The parameters are:  '"diffusance' indicated by the symbols 


(formulated in Table 6): 


‘ро a 
o——4|L—o for hole diffusance; 
"i1 H £r. 

p 


э = 
and о—|—о for electron diffusance; 
"ұт A "i 
n 


Where: πι Ξ electron density 
р; = hole density 
! aD = electron diffusion current 
Гор = hole diffusion current 
ч, = the parameter, hole diffusance 
H = the parameter, electron diffusance 


and the current р = (р; | - Р; 2) Но; and the current io = (n; - п; 2) H ` 


H i for hole combinance 


"Combinance" indicated by the symbols C 


å == 
Pe 
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TABLE 8 (Continued) 


n 
e 
and H Å Å for electron combinance with the currents på for 
---- | 


с 
he 
hole combinance = P. Н,: på for electron combinance = η. Ho- 


с: 


Where; п = excess electron density 


р. = excess hole density Е 

, T= carrier lifetime 
| = combinance current ` 

с (refer to diagram in 
η. = the parameter, hole combinance Table 6) 

H. = the parameter, electron combinance 


NOTE: n, and p. are used rather than п; апа p, to denote those minority 


carriers in excess (injected) of the minority carriers present as a 


result of the formation of hole-electron pairs by thermal enerqy. 


In addition, "storance" is the parameter representing the storage (lumped 


difference in density) of excess and minority carriers and given the symbols 


i Ts 
; P for hole storance. The current i = 5 μα, The symbol 
A — ως p p dt 
Pe 
n 
i 
n 4 : dn 
ý is for electron storance. The current i = 5 —. 
| | я п n dt 
; 
n 
M 
n 
Another parameter, 'mobilance' is given the symbol o—( )—o for 
M 


electron mobilance, and ο-()--ο for hole mobilance. Mobilance 


is the parameter dealing with the transport of majority carriers and will be 
governed by the majority carriers mobility constant of the particular material 


used. It is well to remember that the important approximations stated, 


"electrons move by diffusion in P material and holes move by diffusion in N 
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TABLE 8 (continued) 


In order that space charge neutrality holds, there must be transport of both 
holes and electrons in the model. We are primarily interested in the diffusion 
and recombination of excess or minority carriers, so mobilance will be the 


transport for electrons, when dealing with hold diffusion and vice-versa. The 


symbol o——4( )——o will be used to indicate equivalent majority 


carrier transport in the model. We are fortunate in that we can calculate the 
minority carrier transport and from this, solve for the equivalent majority 


carrier transport. 


(The ratio of the mobility constant (ua or Ha) to the diffusion constant 
(D. or D is equal to: 


where q is the charge on the electron, K is boltzmanns constant, and T is 


temperature.) 
Neglecting-the storance, an equivalent circuit for a diode can be shown 


using diffusance and combinance parameters and separating the electron and 


hole transports in the equivalent. 


(EQUIVALENT, ELECTRON TRANSPORT) 





t 
= OO 
ο”. | a [ELECTRON 
f Е | EXTERNAL, 
| —— | — i ; TOP 
Н. c c C “TRANSPORTS 
ке ELECTRONS 
O ӘБ | | LJ. воттом 
4 NE - —- — TRANSPORTS 
(EQUIVALENT HOLE TRANSPORT) V 'PD ! PD ! pp HOLES 


мшш шешт М онын Em 
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Typically, the combinances are 'lumped'" and represented by one symbol 


with the diffusances disregarded. (When combinance current is the prime interest) 


I 
-—| EXTERNAL 
ELECTRON 


-— I 
EXTERNAL 
ELECTRON περι 


Since from the external diode terminals it is difficult to determine 





whether it is recombination of holes or electrons that is predominate in 
the diode, a further lumping is sometimes used in which it is assumed that 
recombination of one or the other is predominant and the diagram reduces to: 


(one or the other will be the predominant factor). 


+- 





Т 
EXT ERNAL 
ELECTRON 
<+-- | - 
EXTERNAL 
ELECTRON ν 


To take into account the storage of carriers in the device, the parameter 


storance is added. 


I 
EXTERNAL 
-—— | ELECTRON 





EXTERNAL 
ELECTRON 
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When dealing with a transistor, the type of transistor tells us which type 
of minority carriers will be predominant jn the transport in the base. In 
the PNP we are dealing with hole recombination and diffusion in the base 
and with the NPN we are dealing with electron recombination and diffusion 


in the base. 


Due to the high majority carrier density in the emitter and collector, 
we will be concerned with the combinance, diffusance, and storance in 
the base of the transistor primarily. We will first construct a lumped 


model using the PNP transistor unsaturated, as an example: 


(EMITTER) (BASE) o CEDE. (COLLECTOR) 


P N P 


Spf "КЕДЕ 


q£ = 


af | 


You will note that the model assumes that base lead current is combinance 


СІ 


current and collector lead current is diffusance current. If you would 
like to pursue the d-c and small siqnal approach with this model, the references 
listed (1, 2, 3) are the source. You will find more parameters such as 


Udriftance" which will be neglected in this writing. 
When a transistor becomes saturated, the collector and emitter junctions 


are forward biased and the collector junction contributes combinance, 


storance, and diffusance. The model becomes: 


(EMITTER) (BASE) (COLLECTOR) 


Р N P 
S H | H — | S 


Pf Cf 7 


аны Sa 
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(You will note that in saturation, the total diffusance current becomes 


the algebraic sum of ipp and ITE 


In the model, the subscript f deals with the forward biased emitter junction 


and the subscript r deals with collector junction effects when it becomes 


forward biased (saturation). 


The distribution of excess carriers in the base with the emitter junction 


forward biased is approximated by the diagram below; 


E 










CHARGE 
DENSITY 





In lumping the storance, the parameter de approximates a distribution shown 
by the diagram below which throws in some error by assuming a linear 


distribution: 
COLLECTOR 







CHARGE 
DENSITY 





The collector becoming forward biased causes a distribution approximated by 


the diagram below. (Once again, assuming a linear distribution). 


EMITTER BASE COLLECTOR 


«РУ 















CHARGE 
DENSITY 





% 
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and the resultant approximate total distribution with the transistor in 


saturation is shown in the diagram below: 
EMITTER BASE COLLECTOR 








CHARGE 
DENSITY 





There is also a charge across the transition region at the emitter and 
collector that is shown by variable capacitors in the model (ае а the 
emitter and qu. at the collector) since the width of the transition region 


varies with the applied voltage 


Іс becomes apparent that the forward beta of the transistor is a ratio 


of the currents ing and ісі: 7 Ine 
а в 
cl 


To avoid dealing with voltage and its problems, the currents can be 
expressed in terms of the ratio of charges to their associated 

time constants. The combinance (i) current can be expressed as the ratio 
of the charge de and the time constant of the storance and combinance 


which has the symbol Th. q 
8, + 


=з 7, 
akt 


The diffusion current (ine) can be expressed as the ratio of the charge 
qç το the time constant of the diffusance and the storance termed Τε" 
ЧЕ 


ing = 
Df 7; 


pomum 


203 


TABLE 8 (Continued) 


To summarize the model: 
1. 


The model; 





The charge in Sof due to the difference in excess carrier density in 
forward conducting base is designated ағ: 

The time constant of the diffusance and forward storance is designated 
Τε" 

The forward control time constant (the time constant of the forward 


combinance and storance) is designated тв. 
+ 


The collector (reverse) control time constant (the time constant of the 


reverse storance and combinance) is designated Tg 
г 


The charqe ог іп the base due to the collector being forward biased is 
designated q. ` 


The time constant of the reverse storance and the diffusance is designated 


- 8 


E 
The forward diffusance current is designated ір апа is equal to the 
f 
charge αρ divided by the time constant Te q£ 
Ip = = 
f f 


The forward combinance current is designated ie and is equal to the 


forward conducting charge in the base, а; divided by the time constant 


T 


f. q 
зи 


СІ T 


= 
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li. 


18, 


(B) Beta forward is equal to the ratio of the diffusance current to 
q 


the combinance current org. - ^ f where ip = — апа i. > — then 
е - Τ T 
n f f | B. 
Яғ 
_ oF "В тв 
В; ч de and inverting and multiplying; B. M = — в —— ο Be 
E f f 
Be 


is equal to the control (combinance) time constant divided by the 


(diffusance) transport time constant. 


When the collector becomes forward biased, whether by applied bias or 
by being driven into saturation, there is storance, diffusance, and 
combinance as a result, and the currents are formulated in the same 
manner as the forward condition, with the subscript r indicating those 


values associated with the collector junction. ір opposes ір which 
r f 


explains the minus sign in the formula for ір 


r 
Tg > the control charge time constant is essentially the reciprocal of 
f 
1 
lg == = ——— 
ғыт. EE 


= 


— ы1 La —— ВО 
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i =! 
C ~ 
| 
С. 
© | R HOLE COMBINANCE 
H 
DIFF. 
SCOPE o-|L-o 
fs HOLE DIFFUSANCE 
| 
A 5 
ғ |5 е 


IE LG | 


HOLE STORANCE 


ELECTRON MOBILANCE 


ЕМІТТЕВ ВА5Е | COLLECTOR 
reca aet eese si : 
P — N = P 
g [ed δ; 
уе de С | ІС 2 Ч: We 


Measurements: 





The following measurement approach was used by a graduate student under 


Linvill at Stanford. 


A, The transistor in the schematic diagram shown above is biased quiescent ly 
non-conducting. A fast rising pulse generator attempts to turn on the 


transistor and the values of R. and Ce adjusted for proper speed-up action. 
When this is accomplished, the time constant R. C. is equal to the time 


constant of the storance and combinance, or ТВ - R, C 


f г 
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If Re is then adjusted for a null, Re will be supplying ñ times the 
drive current in the base resistor to prevent a change across R}. The 


time constant of Re and C. is equal to the time constant of the 


storance and diffusance, τε» ог; т; = Re С. 


8; = t мһеге т. = К. С апа? = R. С, therefore, B= "b - ὃν 
е оре? ТЕЛЕН М Ал 








f f 
ТА - atl = ! and, therefore, f. = "e and т 2 “НА В 
В ω тї 5 | AKA - 2πτ β brie? 
Ё ї t В, Е 
therefore, f. = TROC = πο 4 
ë b e 


The transistor is reversed in its socket and the values of Rp» Res and 


C. adjusted and Te? Tg ^ and В. gained, then the currents and other 


Е 
reverse or collector characteristics calculated. By manipulation of the 


values involved, approximate large signal or switching characteristics 
may be obtained alonq with small siqnal characteristics and values 


of internal reactances at difference points of operation. 


The parameters are for the transistor and not the transistor in some 


specified configuration with the added advantage that the scope requirements 


are not very rigid. 


The measurements are easily made, however, compensated attenuators work much 


better than simple variable resistors, since fast transistors tend to 


oscillate in the basic circuit shown. 


Formulas for the measurement configuration оп раде 14: 


Forward: 
3r 


II 


Re ote sme 


шшш ee ë — ұнына Oe 


TABLE 8 (Continued) 














теке. 
сы че, С 
Be в Е 
1 ] 
т = w— ng 
BR 4, тж; 
Т 
ger pete ee Re 
f т; Re 
B, = È 
f Re 
] ] 
T = eee Б = R C 
В, v. 2 Tf. В с 
RC ὁ | 
р 6 2Tf. 
Е ] 0.159 
t 2"R, C ΜΕ 
b Bow 


Reverse: *(Note, transistor reversed in socket) 


dee 
in =F 
r r 
ee 
Do ra 
2 В. 
тв, 
P. s === 
F 
= * 
тү Re be 
"в, = “В, C. 
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TABLE 8 (Continued) 


Limitations Of This Simple Measurement System: 





The R. C. time constant used to measure Tg cannot be exact, due to the finite 
Tf 
resistance in the base region с: 


MITRA 79 αἱ Ri < COLLECTOR 


I ct 


P = N =] г P 
à KE isa 
DE ЧЕ 563 ρα de Are 


вее те 


This model suggests why the aim in high frequency transistors is for a low 


ғы and a low emitter and collector capacitance. 


For fast switching operation, it is desired to have a low storance and 


combinance time constant. 





For the decrease in the time constant, gold can be diffused (diffused to 
indicate the doping process by diffusion and not carrier diffusion) into the 


base to reduce the minority carrier lifetime and increase the combinance current. 


Dealing with a majority of transistors such as the typical alloy type transistor, 
the model previously discussed and the method of measurements will qive close 
approximations. With the gold diffused transistor, a plot of the excess 

carrier distribution shows that when the transistor is in saturation, there 


is storage in the collector that cannot be neglected. 
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DIFFUSED TRANSISTOR 
EMITTER BASE = COLLECTOR 


| |р 
ut ZZ. 


EMITTER | BASE — COLLECTOR 






CHARGE 
DENSITY 








EMITTER 







Collector 


άρον 


This suqgests a more complete model such as: - 


CHARGE 
DENSITY 






EMITTER BASE COLLECTOR 
——O—— 
q LU 
P N duc i P d.c 
pem == \ / С 
q „к= — ο = 
ve qe ΟἹ 'С2 4. 
Df — I 


and this model can then be lumped to: 


EMITTER τ BASE COLLECTOR 
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Where: 
' N 
" b . 
' N 
4. = 4. + b q 
N сс 
ς 
N. = base doping level 
No = collector doping level 


With transistors that have high doping level in the collector with respect 
to the base, the term δις insignificant, but in gold diffused transistors, 


N 
с 


the collector storage could be the predominate effect. 


|t is recommended that the Hedgedus (4) approach be used with the diffused 


transistor, however, parameters can be gained for dealing with the transistor 


with the lumped diffusion model. 


Advantages: 


The model and parameters can be used for both small signals and large signals 
while giving much insight into the physical action of the device. This is 
especially so, from the device design standpoint. Two port formulations and 


Ebers-Moll models use black box methods of analysis which lacks a good deal of 


this insight. 


References: 

l. Iransistors and Active Circuits - John G, Linvill, James F. Gibbons, 
McGraw Hill, 

2. Models of Transistors and Diodes, John G. Linvill, McGraw Hill. 


3. Physical and Electrical Models of Transistors, S.E.E.C., Wiley. 
4 


Charge Model of Fast Transistors and the Measurement of Charge Parameters 
By High Resolution Electronic Integrator, Cornel L. Hegedus, Solid State 


Design, August 1964, Volume 5, No. 8, 


5. Transistors and Active Circuits, Linvill and Gibbons, McGraw Hill, 
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TABLE 9 


EMITTER INJECTION 


Since of necessity the base of a transistor has a width less than the diffusion 
length of the injected carriers, the formulations for current in a junction in 


Table 8 are not entirely valid when applied to transistors. 


Consider an NPN transistor with forward bias applied to the emitter-base junction 
and reverse bias applied to the collector-base junction. The hole current from 


Table 8: 

qAD p q V 
| =- —— = (--- 
p а € KT 


= 1) 


where q = charqe on the electron 


A = area of the junction 


ον = hole diffusion constant 

P. = hole density in emitter adjacent to the junction 

big = diffusion length of holes in the emitter 

Жы = applied emitter-base forward voltaqe A 


The electron current, however, is effected by the collector bias and the formula is 
modified to take into account the width of the base: 


q Å D. n q V 


b e 
‘eee W (е KT = τ 





where D. = electron diffusion constant 


n density of electrons in the base adjacent to the junction 


b 


W = width of the active region of the base 


H 


and the emitter current is: 








D n D p q V qAD p 
et PB BEN & =). Е-Е 
е“ W bie е 5 іе 


and for a PNP transistor: 
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D p D n q V qD n 
„= pb, she xr УРА а 
= a ^ (55; TL Т кт” 

ne ne 


where РЬ = holes in the base adjacent to the junction 


n 
e 


II 


electrons in the emitter adjacent to the junction 


Le = diffusion length for electrons in the emitter 
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THERMAL RESISTANCE CHART, ALUMINUM PLATE 
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hermal resistance versus area of dissipating surface. 
Each curve represents a thickness of plate in inches. 
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SECTION THREE 


TRANSISTORS 


CONSTANT CURRENT AND CONSTANT VOLTAGE SOURCES: 





In dealing with semiconductor devices and circuitry, a source or generator is some- 
times referred to as a constant voltage or constant current source or generator. 
They are referred to in this manner to indicate that the magnitude of the output 
voltage or current is constant and does not relate to the frequency or shape of the 
output. Constant voltage generator indicates that the output amplitude from the 


voltage generator is constant with changes in the load. 


Figure 1-3 shows the schematic representation of a constant voltage generator. 
Assuming the generator shown in Figure 1-3 has zero internal impedance, changes in 


the size of R will have no affect on the output voltaqe at the generator terminals. 









VOLTAGE 
GENERATOR 


FIGURE 1-3 


The generator in Figure 1-3 connected in any circuit configuration gives a constant 
output voltage magnitude. There are no perfect constant voltage qenerators. Any 
Source of voltage has some internal impedance. Notice in the circuit diagram in 
Figure 2-3 that the internal impedance of the generator is represented by the re- 


sistance τ 










VOLTAGE 
GENERATOR 


FIGURE 2-3 


217 


This resistance is internal of the voltage qenerator; however, in a schematic dia- 


gram, it can be represented as external of the voltaqe qenerator. 


L 
the voltage across R is equal to the voltaqe across Rae then R and R are equal. 


The output of the voltage generator is divided across R and R, in Figure 2-3. If 


Optimum power transfer occurs when this is the case. When the impedance of the load 
being driven is equal to the internal impedance of the driving source, optimum 
transfer of power occurs, There are times, however, when optimum transfer of power 
is not the desired result and the output current or voltage will be the prime con- 
sideration, If the ohmic value of Ro in Figure 2-3 is very small with respect to 
the value of Ri» the generator can be said to be a constant voltage generator 
(referring to magnitude) and changes in R or the current in the load circuit will 


only result in very small changes in the voltaqe delivered to Ry 


A generator can also be said to be a constant current generator, The diagram in 


Figure 3-3 shows a current generator supplying the load В|. 


Current Su R 
Generator T L 


FIGURE 3-3 


If the internal resistance of the generator (к) in Figure 3-3 is assumed to be in- 
finity, changes in the load will have no effect on the current in the circuit. The 


current qenerator can be said to be a constant current generator (referring to magnitude). 


There are no perfect constant current generators, Any current generator has a 
finite internal impedance. If the generator has an internal impedance that is very 
large with respect to the circuit, etc., that it is supplying, it can be said to 
be essentially a constant current source, δ in Figure 3-3 indicates the imper- 


fection in the current generator. 


Consider the diagram in Figure h-3. The resistor R, is very large with respect to 


R R, will have only a small effect in determining the current in the circuit. 


из 


218 


GENERATOR 
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Кул а 0 





FIGURE 5-3 


It can be said that usinq a higher than required voltaqe source with a high value 
of internal resistance is synthesizing a constant current source. The control of 


current is taken away from the circuit that the generator is supplying. 


Figure 5-3 shows a generator with a variable internal resistance, R . Changes in 
the value of Ra will force changes in the current in К. Later їп this publication 
and the volumes that follow, this approach to controlling current will be used, It 


is important that you remember it and recognize it when it is encountered again. 


I Meg? 





FIGURE 5-3 FIGURE 6-3 


A semiconductor diode is a non-linear device in that the current does not change 
linearly with changes in applied voltage. It is typical to find a semiconductor 
device biased or driven by constant current sources. This is done to avoid the 


non-linear results when biasing or driving the device with voltage, 


Consider the circuit in Figure 6-3. 15$ this a constant current or voltage generator? 
If you answered constant voltage, you are correct. Тһе resistance of the generator 


is very low with respect to the load resistance. 
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BASIC TRANSISTORS: 


As discussed in the section on diodes, the number of carriers that recombine is de- 
pendent on the number of imperfections or recombination traps that these carriers 
can find. A forward biased PN junction has minority carriers injected into the two 
sides, N side injects electrons into the P side, and the P side injects holes into 
the N side. If the minority carrier lifetime is short (many imperfections), the 
carriers recombine rapidly and the current in the external circuit is primarily a 
result of recombination, The carriers must diffuse before they can recombine and 

a period of time is involved in the recombination process, The average time that 
the carriers take in the recombination process is termed the minority carrier life- 
time of the material. The minority carrier lifetime for intrinsic or pure semi- 
conductor structure is long because of the small number of impurities. As doping 
impurities are added to a semiconductor material, the minority carrier lifetime is 
reduced, Figure 7-3 shows a PN junction which has the N side doped relatively 
heavy, and the P side doped lightly. The statement. doped lightly indicates that 


relatively few impurities or imperfections have been added in the doping process. 


N е SOME ELECTRONS 
DIFFUS E 









SOME ELECTRONS 
|| RECOMBINE 


FORWARD BIAS 
FIGURE 7-3 


When forward bias is applied to the PN junction, electrons are injected from the N 
side into the P side and holes are injected from the P side into the N side. The 
number of electrons injected into the P side is large with respect to the number of 
holes injected into the N side with the doping levels in Figure 7-3. The number of 
electrons injected into the P side is much greater than the imperfections that 
these electrons must find to accomplish recombination. Many of the electrons diff- 
use through the P side of the material without recombining when the P side is the 
lightly doped side. Current in the external circuit in such a configuration can be 


made up of current as a result of recombination and current carrier by the diffusion 
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of electrons through the P material. The longer the lifetime of the P material, 
the more electrons will diffuse across the P material and the less will recombine. 
We might also say that the narrower the P material, the more electrons will diffuse 
across rather than recombining. If the width of the P side is narrow, with respect 
to the minority carrier lifetime, most of the current in the external circuit can 


be a result of diffusion of electrons in the P side of the junction. 


A similar result can be obtained by doping the P side relatively heavy and using 
light doping in the N side, When this is done, the number of holes injected from 
the P side into the N side is large with respect to the number of electrons injected 
from the N side into the P side, Since the minority carrier lifetime is relatively 
long in the N side, many of the holes diffuse through the N side without accomplish- 


ing recombination. The current in the external circuit is a result of both recom- 


bination and diffusion of carriers, Figure 8-3 illustrates this, 
HOLES INJECTED 





HOLES DIFFUSING 


ELECTRON 
CURRENT 


SOME HOLES RECOMBINE 
AWE 
FORWARD BIAS 
FIGURE 8-3 


Light doping or adding few imperfections to one side of a PN junction results in 
some current by diffusion. Narrowing the lightly doped side increases the amount 
of current carried by diffusion. External circuit current still governs the number 
of minority carriers adjacent to the junction, But transport time differs because 


transport by diffusion is much slower than the transport of majority carriers. 


The N side of Figure 8-3 has been doped relatively light and made narrow. Diff- 
usion through the N material causes a large portion of the external circuit current. 
The characteristics discussed in section one apply to this junction. Constants 


listed in section one govern the speed of carrier movement: the specific material 


aem e 
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diffusion constants for electrons and holes as minority carriers; and the specific 
material mobility constants for electrons and holes as majority carriers. Doping 
adds a very small number of impurity atoms compared to the atom total therefor, 
intrinsic material constants before doping remain valid for semiconductor diode 


carriers, 


To summarize a bit, there are two current carrier transports involved in a semi- 
conductor PN junction. They are mobility and diffusion. When majority carrier 
transport is dealt with, the mobility constant is used and when minority carrier 
transport is dealt with, the diffusion constant is used, The transports can become 
more involved if there are internal fields built into the PN junction device and 
this will be discussed later. At this time, we will be primarily concerned with the 
mobility of majority carriers and the diffusion of minority carriers. Doping one 
side of a PN junction lightly (giving it a long minority carrier lifetime), doping 
the other side relatively heavy, and making the lightly doped side narrow can re- 
sult in a majority of the external current being a result of diffusing minority 
carriers. These carriers have been injected from the more heavily doped side. 

To differentiate between minority carriers present as a result of thermal energy 

and those carriers that have been injected due to the application of external energy 
such as applied bias, the carriers that have been injected are sometimes referred to as 
excess minority carriers or simply excess carriers. Therefore, when we speak of 
excess carriers, we are speaking of carriers that have been injected by the appli- 
cation of some external bias, and are in excess of the number required to balance 
the protons In the nucleus of the particular material that they have been injected 
into. Table 9 15 additional information and some math involved that is not nec- 
essary for the coverage in this volume. |t is presented here for those that wish 


to pursue this further. 


A simple PN junction transistor can be constructed by doping two junctions into a 
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single piece of qermanium, silicon, or some other type of semiconductor material. 
In the doping process, the two ends are doped relatively heavy, while the center is 
doped lightly. In addition, the ends of the semiconductor are doped oppositely of 
the center. In other words, if the two ends are doped with N type impurities, the 
center would be doped with P type impurities. If the two ends are doped with P 


type impurities, the center will be doped with N type impurities. This is illus- 


trated in Figure 9-3. 


JUNCTIONS Dat a 


JUNCTIONS 


FIGURE 9-3 = 


A transistor formed in this fashion will take on either an NPN or a PNP configur- 
ation, and there will be two distinct junctions in the material. The center por- 
tion is doped lightly and this indicates that the current in the center portion 

can be a result of both recombination and diffusion. With light doping in the cen- 
ter, the minority carrier lifetime is long and enhances the possibility of current 
by diffusion. There will be some imperfections in the center portion and some re- 
combination will take place. There will be two current carrier transports involved 
in the center portion of the transistor. Recombination can take place in the cen- 
ter portion when excess carriers are injected into the center portion, and diffusing 


minority carriers represent a stored charge. 


Section one went to great lengths discussing the action at the junction when it is 
formed. When two junctions are formed in a single crystal, identical action takes 
place at both junctions, as when the simple junction was formed in section one, 


Recombination will take place at the junctions until a state of equilibrium exists, 


__—— 


рә του p- 
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and the fermi levels are aligned. Note In Figure 10-3 that the fermi levels of the 


NPN transistor are aligned and that the doping is relatively light in the center 


р 
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portion. 





JUNCTIONS 


FIGURE 10-3 


This is indicated by the fact that the fermi level has not been moved too far from 
the center of the band gap. The fermi level in the N side of the junction, however, 
has been moved very close to the conduction band of the N side as a result of 
heavier doping. When the two junctions are formed, a state of equilibrium occurs, 


the fermi levels line up, and there is no net current in the transistor. 


If ohmic contacts (non-rectifying) are made to the three parts of the transistor, 
both junctions can be biased in the same manner that the basic diode is biased, 

It should be made clear at this point that for transistor action, one cannot simply 
put two diodes back to back and expect to accomplish transistor action. This will 
be better illustrated later; however, it is well to note that the center portion is 
doped lightly with respect to the ends, and that the center portion will have to 
be a continuous piece of material. Figure 11-3 shows the construction and energy 


band diagram of a PNP type transistor. 


сбңобстїо N 





FIGURE 11-3 


In this case, the center portion or lightly doped section of a transistor is of N 


material and the ends are of P type material. The ends are heavily doped, which is 
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indicated by the nearness of the fermi level to the valence bands. The center por- 
tion is relatively lightly doped, indicated by the fact that the fermi level is 


still relatively close to the center of the band gap. 


Once the junction is formed and equilibrium occurs, the fermi levels of the three 
pieces of material are aligned. There is a potential difference existing across 
both junctions that must be reduced for external current to flow, If separate 
contacts are made to each of the three sections of the transistor, separate biasing 


can be applied to both junctions, 


Figure 12-3 shows both junctions of a transistor forward biased. With both junctions 
of the transistor forward biased, holes and electrons cross both junctions to 


attempt recombination. 





FIGURE 12-3 


Since the center portion is doped so much lighter than the ends, there are many 
more electrons injected from the ends into the center portion than there are holes 
injected from the center portion into the ends, Since there are so few imperfect- 
ions in the center portion, most of the carriers injected from the ends will diffuse. 
The carriers injected into the center portion in Figure 12-3 will either recombine 
if they find imperfections or will diffuse through the center portion to the oppo- 
site side, If the center portion is made very thin, most of the injected carriers 
that do not find imperfections and recombine will diffuse across the center portion 
into the opposite side. With equal amounts of bias applied to both junctions of 
the transistor in Figure 12-3 and assuming that both ends are doped with equal 
amounts of impurities, the total current through the center portion by diffusion 

is zero, The algebraic sum of the two diffusion currents is equal to zero. Note, 
however, that those carriers that do recombine in the center portion result in a 


current through the common lead out of the center portion, The total current in 
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the external circuit is the recombination current only, plus any leakage current 
on the surface, The condition that we have just discussed with both junctions 
forward biased is termed transistor saturation and will be discussed in detail 
later. It should be noted, however, that when a transistor is in saturation (both 
junctions forward biased), that the total current is the algebraic sum of the two 
diffusion currents, Also, the total number of minority carriers in the base is 
increased greatly when both junctions are forward biased, since both ends of the 
transistor inject carriers into the center portion. Since the center portion is 
very lightly doped, the minority carrier lifetime is long, and the carriers must 


diffuse or find imperfections and recombine. 


With the simple transistor that we have discussed to this point, either end of the 
transistor can be used to inject carriers into the center portion, The center por- 
tion is made very narrow and lightly doped to enhance current by diffusion. The 
type of transistor construction depends to a great extent on the application in 
which the transistor will be used, the required frequency response, and the desired 
power dissipation capabilities of the transistor, One end of the transistor might 
be made large to dissipate more heat. The center portion might be doped a bit 
heavier to improve high frequency characteristics, The base may be made thinner 

to improve high frequency characteristics, The construction of transistors for 
different applications will be discussed at a later point; however, the basic 
transistor that we are now using can be used to discuss the characteristics of all 
transistors. The different applications can then be discussed showing the differ- 
ences that exist between the basic transistor and those used in a specific appli- 


cation, 


One end of the transistor will be termed the emitter and will serve as a source of 
current carriers injected into the center portion. The opposite end of the tran- 
sistor will be termed the collector and will rely on the carriers injected into the 
center portion for current flow. The center portion is termed the base of the 
transistor and the name evolves from the early transistors being of a point contact 
construction. Metal wires termed 'cat whiskers' were applied to a piece of semi- 
conductor. The piece of semiconductor itself was large and made up what is now the 
base of the junction type transistor. The cat whiskers that were applied served 

as the emitter and collector, hence the center portion generally made up the largest 


bulk of the transistor. The prece of semiconductor served as a mounting and was 
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referred to as the base. This term has been carried over into present day tran- 
sistors, and the center portion is still referred to as the base, As we have dis- 
cussed, either end of the basic transistor (assuming that they are identical) could 
be used as the emitter. The type of transistor that is used as an example here is 
referred to as a rate grown transistor and is discussed later in this section. For 
power handling considerations, the removal of heat is a prime consideration. A 
collector might be made of a larger piece of semiconductor material for a greater 
heat radiating surface, or the collector might be attached thermally to the case or 
encapsulation of the transistor, The emitter might be made of a smaller piece of 
material. Special construction might be used to make the base very thin; however, 
the general considerations that we will now discuss apply to all types of tran- 


sistors and only their construction will be different. 


BIAS ING: 


For amplifier operation, the transistor is normally quiescently biased with the 


emitter to base junction forward biased, and the collector to base junction reverse 


biased. This is illustrated in Figure 13-3. 
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FIGURE 13-3 





The emitter is doped much heavier than the base, and the base is doped lightly to 
enhance diffusion in the base. When the emitter to base junction is forward biased, 
a few holes are injected from the base into the emitter; however, a greater number 
of electrons are injected from the emitter into the base. Majority carriers from 
the emitter and the base cross the junction and attempt recombination, Since the 
transistor in Figure 13-3 is an NPN configuration, the majority carriers injected 
from the emitter are electrons. Many more electrons will be ejected from the 


emitter into the base than holes from the base into the emitter in Figure 13-3. 


г 
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The injected electrons will diffuse in the base seeking impurities, Those electrons 
that find impurities or imperfections (recombination traps) will recombine and make 
up a current in the external base lead. Those electrons that do not find imper- 
fections will diffuse in the base and, as a result of the base being very thin, 
most of these electrons will reach the collector. With the collector reverse 
biased, the depletion region about the collector junction is widened and the only 
current that will flow in the reverse biased collector junction is any surface 
leakage current and current as a result of minority carriers in the collector and 
the base. With no carriers injected from the emitter, only saturation current flows 
in the collector-base diode. With the emitter injecting carriers into the base, 
there are a large number of minority carriers in the base as a result of the for- 
ward bias applied to the emitter-base junction. The collector sees this as a con- 
tinuing source of minority carriers and a fairly large current can flow in the 
collector junction, even though it is reverse biased. |t is well to examine this 
at this time and remember that without the emitter injecting carriers into the 
base, the only current that will flow is any surface leakage current across the 
collector base junction and the current carried by thermally agitated minority 
carriers present in the collector and the base. Since thermal (heat) energy forms 
hole-electron pairs, there will be some holes in the N type collector and some 
electrons in the P type base at room temperature without external electrical 

energy applied. Without carriers injected from the emitter, the only current that 
will flow is the result of these hole-electron pairs (disregarding any surface 
leakage current). This current is referred to as current, collector to base, with 
the emitter open circuited and given the symbol lego legg is the saturation 


current of the collector-base diode, 


The collector to base current with the emitter open circuited (or not injecting 
carriers into the base) is limited by the number of minority carriers available as 
a result of thermal energy (plus any surface leakage) as long as sufficient reverse 
voltage is not applied to cause the collector-base junction to enter the avalanche 
breakdown mode. If sufficient voltage is applied to cause a collector junction to 
enter the avalanche breakdown mode, the current is primarily limited by the resis- 
tance in the circuit. Although a few transistors are designed to operate in the 
collector breakdown mode (avalanche), most transistors avoid this region of the 


transistor's characteristics. 
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With the collector junction reverse biased, and the emitter-base junction forward 
biased and injecting carriers into the base, the collector current is the sum of 
thermally generated minority carriers and the current injected from the emitter 
that diffuses across the base to the collector. Figure 14-3 shows the transistor 
with forward bias applied to the emitter-base junction, reverse bias applied to 


the collector junction, and the energy band diagram that results. 
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FIGURE 14-3 
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The application of forward bias to the emitter-base junction misaligns the fermi 
levels and allows the movement of electrons in the conduction band of the emitter 
into the conduction band of the P type base. These electrons cross the junction 
into the P type material. Some holes cross from the valence band of the P type 
base into the valence band of the emitter at the same time. The number of elect- 
rons injected from the conduction band of the emitter is much greater than the 
holes injected from the base into the emitter in Figure 14-3. The electrons in- 
jected into the base conduction band start diffusing until they find imperfections 
and recombine. Those electrons that do not find imperfections can diffuse across 
the base thickness and enter the high electric field established by the reverse 
bias on the collector junction. Minority carriers that enter the high electric 
field established by the collector reverse bias are accelerated across the junction. 
Electrons that do recombine in the base result in a small current in the base lead. 
If any surface leakage current and any current that is the result of minority 
carriers present as a result of thermal energy is disregarded, the collector 


current is made up of the diffusion current in the base. 


The collector current can be controlled by varying the number of carriers injected 
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from the emitter into the base. Collector-base diode saturation current is established 
by the number of minority carriers present at a given temperature. A change in 

the collector current can be accomplished by varying the number of carriers inject- 

ed from the emitter into the base, This can be summarized by saying that the 
collector current is dependent on the total number of minority carriers in the 

base of the transistor. By varying the number of minority carriers in the base, 

the collector current can be varied. The number of minority carriers in the base 

can be varied by changing either the emitter or the base lead current. The inject- 

ed carriers can also be varied by changing the voltage on the base to emitter 


junction, 


The number of minority carriers and, as a result, the current in a semiconductor 
junction is related exponentially to the applied voltage, Therefore, if an 
attempt is made to vary the number of injected carriers from the emitter into the 
base by applying a changing voltage to the base-emitter junction, the current 
change will vary exponentially as the applied voltage varies. If a linear change 
in current is applied to the emitter or base leads, a linear change in current can 


result in the collector lead, 


For normal amplifier operation, the emitter-base junction is forward biased. For- 
ward bias indicates that the junction is biased for forward conduction. The current 
in the collector circuit is controlled by the current in the emitter and the base 
circuits. Therefore, we might say that the transistor is essentially a current 
operated device. There is a linear relationship between the current in the 
collector, base, and the emitter. The same is not true of the current voltage re- 
lationship. An exponential relationship exists between the current in the collect- 
or circuit and the voltaqe on the emitter-base junction. The current in the 
collector circuit is relatively independent of the voltage applied on the collector 
to base junction as long as this junction is not forward biased. When both junct- 
ions are forward biased, the transistor is in saturation. As long as the collector 
junction is not forward biased, the transistor is not in a saturated mode and the 


collector voltage has only a small affect on the collector current. 


An analogy might be drawn between the transistor's output characteristics and that 
of the pentode vacuum tube. The pentode vacuum tube plate voltage has only a 


small affect on plate current as long as the plate voltage is higher than the 
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screen voltage. Transistor characteristics are similar in that, as long as the 
collector junction is not forward biased, the collector voltage has only a small 


affect on the collector current. 


Figure 15-3 illustrates the transport of carriers in the base of the transistor. 
The diagram indicates only a small recombination of electrons in the base, and the 
other carriers diffusing across the base thickness to the collector. Note in the 
diagram that the movement of the injected carriers across the base is shown very 
erratic. We have already discussed in sections one and two the erratic movement 
of diffusing carriers. The diffusion constants and mobility constants of majority 


and minority carriers in intrinsic semiconductors are valid for use with transis- 


tors. 


It should be remembered, however, that there will be a period of time involved in 
the crossing from the emitter to the collector. This period of time is set by the 
diffusion constant for the intrinsic material used in construction of the transis- 
tor. The number of carriers that do migrate or diffuse across the base will be de- 
pendent on the number of carriers injected into the base, the minority carrier 
lifetime of the base material and the width of the active area of the base, If 
the width is narrow with respect to the lifetime of the minority carriers, most 

of the diffusing carriers will reach the collector, If the lifetime is short with 
respect to the width of the base, a good number of the carriers can accomplish re- 
combination and few carriers will migrate to the collector. This will govern the 
percentage of the emitter current that flows in the collector, and also govern to 


a great extent the frequency characteristics of the transistor. 


Although the mobilities of majority carriers and the diffusion constant of minority 
carriers enter into the frequency considerations, the width of the base with res- 
pect to the minority carrier lifetime has a great deal to do with the high fre- 
quency characteristics of a transistor. For instance, if the base is fairly thick 
with respect to the minority carrier lifetime, ten carriers injected together into 
the base might arrive at the collector at ten different times. This is due to the 
erratic path taken by the carriers in their diffusion in the base. This is gener- 
ally referred to as the spreading out of the carriers in the base, and this spread- 
ing out tends to limit the high frequency characteristics of the transistor. Re- 


member that ten carriers injected into the base at exactly the same time might 
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arrive at the collector at ten different times. Also, if an applied siqnal were 
causing the emitter current to change by ten carriers, this peak or change might 
occur instantaneously or nearly instantaneously at the emitter-base junction. Тһе 
spreading out of the carriers in their transit in the base might cause this peak 
of current to be substantially reduced when it reached the collector as a result 
of the carriers spreading out in the base. If the applied change is of a low fre- 
quency (the change occurs in a relatively long period of time with respect to the 
transit time in the base), the loss due to the spreading out of carriers in the 
base might not be too pronounced. If the change, however, is of some high fre- 
quency (the change taking place in a relatively short period of time with respect 
to the lifetime in the base), the loss in the base might be very pronounced, This 
will be discussed in more detail later. At this point, however, it should be re- 
membered that a very thin base is indicated to enhance a large number of the 


carriers diffusing across the base and also for high frequency considerations. 


It is well to stop at this point and compare the NPN and the PNP transistor, their 
energy band diagrams, and the predominate carriers in the two. Generally speaking, 
the action of the two transistors is the same. In the NPN transistor that has 

been discussed, the predominate carriers are electrons. Since the emitter injects 
electrons into the base, the recombination and diffusion of electrons in the base 
is the predominate factor. However, the transistor can be a PNP configuration 

with the emitter and collector doped relatively heavy with acceptor impurities 
while the base is doped lightly with donor impurities. In this case, the emitter 
has a heavy concentration of holes as majority carriers, the collector has a heavy 
concentration of holes as majority carriers, and the majority carriers in the base 
are electrons. Since there are very few holes in the valence-band of the base 
(limited by the number of hole electron pairs as a result of thermal energy), any 
holes injected from the emitter into the base will be existing as minority carriers. 
These injected holes must diffuse the base thickness to the collector or accomplish 
recombination in the base. Movement of holes inside the transistor in one direct- 
ion will be accompanied by electron current in the external circuit in the opposite 


direction. 


Figure 16-3 shows the carriers moving in the transistor. Recombination and diffus- 
ion is indicated in the base. Note in Figure 16-3 that when the emitter-base 


junction of either the NPN or the PNP is forward biased, carriers are injected from 
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the emitter into the base, The emitter injects electrons into the base in the NPN 
transistor, Some of the injected electrons recombine while the rest diffuse to 

the collector, The emitter injects holes into the base in the PNP transistor where 
some recombine and the remainder diffuse to the collector, The speed of the 
carriers in the base will depend on the diffusion constant for the particular type 


of carrier and intrinsic material that was used to form the base. 


For identical intrinsic material and construction, the diffusion of electrons will 
occur at a faster speed than the diffusion of holes. This is evident from the 
electron and hole diffusion constants that were discussed in the first section. 
This, of course, will have to be taken into account when dealing with frequency 
characteristics of an NPN versus a PNP transistor. The thing to keep in mind is 
that the basic operation of the transistor is the same whether Ít is a PNP or an 
NPN. The controlling circuitry is the emitter-base junction. The emitter injects 
carriers into the base, while some recombine and the remainder diffuse to the 
collector. The collector current is dependent on the number of minority carriers 
in the base, which in turn is dependent on the temperature and the number of 
minority carriers injected from the emitter. The major difference in the two 
transistors is the type of carriers being utilized. In the NPN, electrons diffusing 
in the base serve as predominate Current carriers. Since the doping levels are 
very high in the emitter with respect to the base, the transport of carriers in the 
emitter and the collector will be by the normal mobility of carriers in the parti- 
cular type of semiconductor used. The predominate factor in governing the action 
of the transistor will be the recombination and diffusion of the minority carriers 
in the base. The times involved in the recombination and the diffusion of the 
carriers will govern the frequency characteristics of the transistor and a narrow 


base is indicated for any high frequency operation. 


Following the paths of the current carriers through the transistor and relating 

them to external electron current as illustrated in Figure 16-3, electrons are in- 
jected from the emitter into the base and diffuse to the collector in the NPN type 
transistor. Electrons leave the collector, flow back through the bias supply, and 
return to the emitter. The carriers that recombine in the base are accompanied 

by an electron current leaving the base through the base lead and returning to the 
emitter. Holes are injected from the emitter into the base in the PNP transistor. 


Some recombination occurs, and the rest diffuse through the base to the collector. 
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When a hole is injected, or formed, at the ohmic contact at the emitter, an elect- 
ron leaves the emitter and flows toward the positive side of the bias source, When 
holes move from the ohmic contact at the emitter toward the base terminal from the 
negative side of the bias source. Diffusing holes that reach the collector become 
majority carriers once accelerated across the collector junction. Holes are 
majority carriers in P type material and once the diffusing carriers enter the 
collector, they are again majority carriers, The movement of holes in the collect- 
or toward the ohmic contact results in electrons leaving the negative side of the 
reverse bias collector source and flowing toward the collector, As shown in Fig- 
ure 16-3, the transport of holes from the emitter through the base to the collector 
results in electron current in an opposite direction in the external circuit. Of 
course, if conventional current flow is being used, the hole movement can be re- 
lated directly to the direction of conventional current flow. Conventional current 
will flow in the same direction as the hole movement through the transistor in the 
external circuit. It is best to keep in mind that in these publications, unless 


otherwise stated, the current in the external circuit is electron current. 


The d-c emitter current is given the symbol I the d-c base current (the term 
base current indicates the current in the base lead) is given the symbol Ig» and 
the current in the collector lead is given the symbol le As shown in Figure 16-3, 
the emitter current (assuming no leakage current) is the sum of the recombination 
current in the base (base lead current), and the diffusion current to the collect- 
or (collector lead current). In other words, the sum of the d-c base current and 
the d-c collector current is equal to emitter current. For example, if the tran- 
sistors in Figure 16-3 have an emitter current of 21ma and a base current of lma, 
the collector current is 20ma. As another example, if the base current is 2ma 

and the collector current is 48ma, the emitter current is 50ma. This is assuming 
no leakage current and that the base lead current is the recombination current, 


while collector current is the diffusion current in the base. 


Figure 17.3 illustrates current dealt with in percentage terms, In this case con- 
sider emitter current 100%, base current 4% and collector current 96%. 96% of the 


emitter current flows in the collector, while 4% flows in the base lead. 


Тһе d-c current transter or gain from emitter to collector is 96%. Assign 0.96 


as a factor for the transistor in figure 17-3. 
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If the factor from emitter to collector is 0.92 for a particular transistor, and 
the emitter current is 5ma, the collector current is the product of 0,92 and 5ma, 
or 4,6ma. There will always be Jess current in the collector circuit than in the 
emitter. Therefore, it can be said that the d-c current gain (or transfer) from 
the emitter to the collector will always be less than l, or less than unity, and 
that the collector current will always be less than the emitter current. The per- 
centage of the emitter current that flows in the collector with reference to the 
emitter is termed d-c alpha. The symbol for d-c alpha iS ac or περ; depending on 
the particular equivalent circuit or model that is being used for the transistor. 
When heg is being used, the h in the symbol stands for hybrid and simply indicates 
that the model or equivalent circuit that is being referred to is the hybrid model. 
This will be discussed at length later, The F in the symbol indicates forward 
current gain (or transfer) and the B indicates that the configuration is a common 
base configuration. When the base is common to both input and output, the measure- 
ment must be from emitter to collector. In other words, a common point on the 
transistor is the base. The current transfer is then between the emitter and the 
collector. Since the collector current is always less than the emitter current 


(unless the transistor is an early point contact transistor), the d-c alpha will 


always be less than unity. 


Note in Figure 18-3 that Z4 of the emitter current flows in the base, while 98% of 
the emitter current flows ín the collector. tn this case, the current transfer be- 
tween the base and the collector is a factor of 49, In other words, there is 49 


times as much d-c current in the collector as in the base lead. To formulate the 
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factor 49, simply divide 2% into 98% and get a current transfer of 49, Since the 
collector current is generally much greater than the base current, the current 


transfer or gain parameter from base to collector is greater than unity. 


Ic = 98% 
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When dealing with a current transfer from base to collector, the common element is 
the emitter. The current transfer when the emitter is common is greater than one. 
The d-c current transfer or gain between base and collector is referred to as d-c 
beta and given the symbol Вас» or περ: Пер? when taken as a factor with base 
current, will give the value of collector current. In formula form: 


= lp x h 


ЕЕ = Ic 


The h indicates hybrid, while the F indicates forward current gain, and the E indi- 
cates that the emitter is common. When the emitter is indicated as being common, 
the qain is from base to collector. As an example, a transistor with a d-c beta 

of 60 and a d-c base current of I5ma has a d-c collector current of 900ma. The 
d-c beta can be determined by dividing the collector current by the base current, 


or in formula form: 3 | 
ЕЕ = 


e 


г 


Since it is possible to place the transistor in a common collector configuration, 
the current gain from base to emitter must be considered, The collector is common 
to both the input and output circuits and the concern is with the current gain from 
base to emitter. Since the d-c current gain from base to collector is referred to 
as beta, the d-c current gain from base to emitter is equal to beta plus one. This 
is arrived at by considering that the emitter current is the sum of base current 


and collector current. If collector current is equal to the product of beta and 
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base current, then the emitter current is the product of beta and base current plus 


base current, or simply the product of beta plus one and base current, or: 


(h +1) 15 = I 


FE E 


The current gain factor from base to emitter is essentially beta plus one (hee + 1), 


The emitter-base junction is the controlling circuit of the transistor and can be 
related to the PN junction that was discussed in the earlier parts of this volume. 
The voltage versus current curve for the emitter base junction is an exponential 

in that the current is related exponentially to the applied voltage and temperature, 
The current and voltage in the emitter-base circuit have a non-linear relationship 
in that the current will not change linearly as the voltage from emitter to base 
changes. When dealing with a-c signals and the transistor, the concern is with 
obtaining a linear relationship between the currents in the input circuit and the 
currents in the output circuit, If the current in the collector circuit of the 
transistor is dependent on the current in the emitter-base circuit of the transis- 
tor, there will be a linear relationship. If an attempt is made to vary the σο]]- 
ector current by changing the emitter-base voltage, the relationship will be поп- 
linear unless the change is very incremental. The relationship between current and 
voltage in the transistor is exponential rather than linear. This is illustrated 


in Figure 19-3. 
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The current varies exponentially as the emitter-base forward voltage varies, Ап 
attempt to control current in the transistor with a varying voltage will result in 


an exponential relationship. This is shown in Figure 20-3. For the change in 
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voltage given in Figure 20-3, a non-linear change in current results. 


— 
G 
ас 
ас 
[NON-LINEAR 
nEM Al 
к ә 
£e 
i EMITTER-BASE VOLTAGE ———À9-— 


FIGURE 20-3 


Since the current crossing the emitter-base junction is the total current in the 
transistor, both the base current and collector current will show a non-linear 


change with respect to an applied voltage change on the emitter-base junction. 


Due to the non-linear characteristics of the input of the transistor, it is pretty 
common to find a constant current source driving a transistor when linear results 
are required, It has been discussed that a constant current source is a high im- 
pedance source with respect to the circuit it is driving. It is also comnon to 
find a constant current d-c biasing source used with a transistor. The emitter-base 
junction of a transistor is essentially biased and driven with current rather than 


voltage for the most linear results. 


Amplification with a transistor can be accomplished by varying either the emitter 
or the base lead current which will be accompanied by a change in the collector 
current, Since the emitter-base junction is a forward biased junction, it has a 
relatively low impedance. The same or a greater current change occuring in the 


collector junction which has a high impedance can result in voltage amplification. 


It is possible to place a large load impedance in the collector circuit, (It is 
reverse biased and has a high impedance.) This allows voltage gain to be accomp- 


lished. If the input signal is applied to the base, current gain can also be 


accomplished. 


Assume that exactly the same magnitude of current change is applied in the emitter 
lead and then in the base lead. Applying a current change in the emitter lead will 


result in a change in the collector current, but the change in collector current 
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will be somewhat less than the change applied to the emitter lead. Remember that 
the current gain from emitter to collector is always less than unity, If the exact 
same magnitude of current change is applied to the base lead, the current gain from 
base to collector can be greater than unity, In other words, increasing the base 
current by one unit might cause the collector current to change by several units. 
The same one unit change applied to the emitter results in less than one unit change 
in the collector current. To illustrate this, consider a transistor that has just 
had the emitter current increased by ten units. If nine of these units diffuse to 
the collector and one of these units recombines and becomes base lead current, the 
current gain emitter to collector is less than unity or, in this case, 0.9, If 

the same transistor has a current change applied in the base lead of one unit, ten 
added units of current will be injected from the emitter into the base. Nine of 
these injected units will diffuse to the collector, while one unit recombines and 
becomes base lead current. The current gain from base to collector is nine, while 
the same transistor has a current gain emitter to collector of 0.9. From this, 

it can be seen that the a-c and the d-c current gain from emitter to collector will 
be less than unity, while the a-c and d-c current gain from base to collector can 
be greater than unity. By the same example, note that a change of one unit in the 
base current increased the emitter current by ten units. The current gain from 
base to emitter can be greater than unity and in the case just stated is one unit 
greater than the current gain from base to collector, As with the d-c current gain 
base to emitter, the a-c current gain base to emitter is beta plus one. The beta 
referred to is signal or a-c beta, while the beta previously referred to was the 


d-c beta. The symbol for a-c beta is the symbol В, ог hee 


hfe can be found by applying an incremental change in base current to the transis- 
tor, noting the change in collector current. πες can be determined by the formula: 
А! 
с | АУ 
Пее 7 AT, CE = 0 


By the same approach, the current gain from emitter to collector, or a-c alpha, 
which is given the symbol a, or Πεμ» can be found by applying an incremental 


change in emitter current and noting the change in col lector current, 
с | АУ = 0 


hep ora can be found using the formula; hep "gt. CB 
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Since the collector voltage does have а small affect on collector current, the 
collector voltage must be held constant durinq the measurements in both cases, 

This might be done by placing a large capacitor across the collector of the transistor 
and insuring that the collector voltage doesn't change. These characteristics of the 
transistor are covered more thoroughly in Table 889. Table 869 is not necessary for 
the coverage in this volume, but is included for the learner that wants to pursue 
this further, 


COLLECTOR JUNCTION THERMAL CURRENT: 


There will be some current in the collector circuit when it is reverse biased, 
even if the emitter is not injecting carriers into the base. The reverse biased 
collector junction is dependent on minority carriers for current, and there will 
be some minority carriers present due to thermal energy regardless of whether the 


emitter is injecting carriers into the base, This is illustrated in Figure 21-3. 
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The holes in N type semiconductor and the electrons in P type that are present as 

a result of thermal energy forming electron pairs will provide carriers which will 
flow across the reverse biased collector junction. The amount of current will be 
related exponentially to the amount of reverse voltage applied and the temperature, 
(Note that this current will flow whether the transistor is NPN or PNP.) The 
current that flows when the emitter lead is essentially open circuited (emitter not 
injecting carriers into the base) and the collector reverse biased is referred to 

| is the current between collector and base with the emitter open 


сво“ CBO 
circuited, The current that flows under this condition will be limited by the 


as | 


number of minority carriers in the base as a result of thermal energy. 
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Since the current lego is dependent on the total number of minority carriers 
available, lego will be lower in a silicon transistor at a given temperature than 
a germanium transistor. It is well to note at this point that it might be nec- 
essary to actually reverse bias the emitter-base junction to have the transistor 
completely non-conducting, Since the current lego will flow even if the emitter 
is essentially open-circuited, an opposing bias current must be applied to com- 
pletely turn off the transistor. A silicon transistor has a lower typical lego 


when compared to a germanium transistor. 


Consider an attempt to turn off a transistor by opening the base lead of a pro- 
perly biased transistor. When the base lead is open, the external bias voltage is 
removed from the emitter-base junction. There is, however, a complete circuit from 
the collector through the collector bias source, the the emitter bias source, and 


back to the emitter, as illustrated in Figure 22-3. 


The minority carriers crossing the collector junction are accompanied by added 
carriers injected from the emitter into the base. These added carriers appear to 
the collector as a continuous source of minority carriers, and a magnified current 
flows. The amount of current flowing with the base lead open is essentially the 
product of d-c beta of the transistor and ево“ Current between collector and 
emitter with the base lead open circuited (1c go) is essentially the product of 

hee and lego: When the minority carriers are not allowed to flow in the base lead, 
they will take the path of the emitter-base junction. Any d-c current crossing the 
emitter-base junction is magnified Бу hee of the transistor, Therefore, the 
current that flows with the base lead open circuited will be the collector junction 
saturation current magnified by the d-c beta of the transistor. If the base lead 
is not open circuited but a high resistance is placed in the base lead, the current 


that flows will have a magnitude between lego and legg” 


SYMBOLS; 


The diagram in Figure 23-3 shows the symbols for an NPN and a PNP transistor. А 
line that intersects at right angles in a semiconductor symbol is assumed to be 
a non-rectifying or ohmic contact, while a line that intersects at an angle is 


assumed to be a rectifying contact or a junction. The collector-base junction in 
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Figure 23-3 is indicated as a rectifying contact. The emitter-base junction in 
Figure 23-3 is also indicated as a rectifying contact. The emitter-base and 
collector-base junctions are both rectifiers. The lead making a connection to the 
base is shown at right angles to the base and indicates a non-rectifying connect- 


ion. The connection to the base is ohmic or a non-rectifying contact. 


SYMBOL I | SYMBOL 2 





FIGURE 23-3 


In the diode symbol discussed in the first part of this volume, it was observed 
that electron current moves against the arrow, while conventional current flows 
with the arrow in the symbol. Hole movement in semiconductors is with the arrow 
in a symbol. The symbol on the left in Figure 23-3 has an arrow on the line indi- 
cating the emitter that points away from the base, An NPN transistor has the 
emitter injecting electrons into the base when conducting, and electrons move 
against the arrow in the symbol, The symbol on the right in Figure 23-3 has the 
emitter arrow point in towards the base. This indicates that holes are moving 
from the emitter into the base and this must be a symbol for a PNP transistor, 
This is illustrated in Figure 24-3, 
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Figure 25-3 shows the direction and symbols for the d-c currents and voltages 

associated with the transistor. (The external lead currents are shown as electron 
currents in this diagram.) The currents and voltages associated with a transistor 
will have the same symbols when dealing with an NPN or a PNP transistor, and only 


the polarities will change. 





le 
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POSSIBLE CONFIGURATIONS: 


Since the transistor has three leads, there are three possible orientations. The 
transistor can be oriented in a common emitter, common base, or common collector 


configuration. 


The emitter can be made common to both the input and output circuit and when this 
is done, the base serves as the input point, while the collector serves as the 


output point. This is illustrated in Figure 26-3, 
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Тһе transistor can also be placed in a common base configuration. In this case, 
the base is made common to both the input and output circuit. The emitter circuit 


serves as the input point and the collector serves as the output point. This is 


illustrated in Fiqure 27-3. 
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FIGURE 27-3 


The third possible configuration is the common collector configuration. The collect- 
or is made common to both the input and output circuits. The base serves as the 
input point, and the emitter serves as the output point. This is illustrated in 


Figure 28-3. 
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The characteristics of the transistors already discussed will give insight into some 
of the possibilities for gain with the transistor in the three configurations, 
First, consider the common emitter configuration. The input signal is applied to 
the base of a transistor in a common emitter configuration, and the output is taken 
at the collector. The current gain from base to collector can be greater than 
unity. Therefore, a transistor in a common emitter configuration can offer a 
current gain greater than unity. With a current gain greater than unity, there is 
the possibility of voltage gain. A small signal voltage applied to the base- 
emitter junction can result in a relatively large current change in the output or 
collector circuit. The collector circuit is reverse biased and can have a higher 


impedance than the emitter-base junction. Therefore, a larger signal voltage can 
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be developed in the collector. The common emitter configuration has the possibility 


of both current and voltage gain and a corresponding high power gain, 


The common base configuration, however, has a current gain from emitter to collect- 
or that is less than unity. The current gain of a common-base configuration is 
less than unity. However, a current change in the emitter-base circuit can be 
accomplished with a small voltage, while this same current change can flow through 
a large impedance in the reverse biased collector junction. This makes possible 
voltage gain. Since voltage gain can be accomplished, power gain is possible with 


the common base configuration. 


A common collector configuration can have a larger output than input current. Since 
the emitter carries the largest current in the transistor and it serves as the out- 
put point while the base serves as the input point, current gain can be accomplised 
with the common collector configuration. Figure 29-3 illustrates the total input 


circuit loop of a common collector configuration. 
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An input signal voltage is applied not only across the emitter-base junction of the 
transistor, but across the output load resistance as well. Since the input voltaqe 
is distributed across both the load resistor and the emitter-base junction of the 
transistor, the total voltage across the output load resistor can never be as larqe 
as the input voltage. The voltage gain of a common collector configuration is less 
than one. Since the current gain can be greater than unity, power gain can be 


realized, 
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CHARACTERISTIC CURVES: 


One method of dealing with the transistor and determining its characteristics is to 
construct a chart or graph of the voltaqes and currents associated with the tran- 
sistor. Figure 30-3 shows an example. The Tektronix Type 575 Transistor-Curve 
Tracer is used to plot the graph on the face of a cathode ray tube. The graph in 
Figure 30-3 is for a common emitter configuration, The horizontal (or X axis) is a 
plot of the collector to emitter voltage of the transistor, while the vertical 

(or Y axis) is a plot of the collector current of the transistor. Since the tran- 
sistor is essentially a current controlled and current driven device, the running 
parameter is base current. The base to emitter voltage could be plotted as the 
running parameter; however, the most linear results will be obtained by using base 
current. Each curve in the chart in Figure 30-3 is for a given value of base 
current. A chart such as this is referred to as a collector family of curves. 

The chart provides a cross reference between collector voltage and collector current 
for different values of base current. Referring to the chart in Figure 30-3 and 
assuming a change in base current, the collector current change can be found for a 
given value of collector voltage. An increase in base current will result in an 
increase in collector current for a given collector voltage, There is a small 
change in collector current over а range of collector volts for a given base curr- 


ent; however, the change is small when compared to varying the base current, 


When the base current is 60ua in Figure 30-3 and the collector voltage is 5V, the 
collector current is 3ma. Any point along a base current curve gives a cross refer- 
ence of collector current and voltage, The 30a base current curve crosses the 
l.6ma collector current point at 5V of collector voltage, and so forth. With a 
collector voltage of 7V and a collector current of 3.5ma, there must be 70ua of 

base current. The set or family of curves will change if the temperature should 


change; therefore, the curves will be plotted at a given temperature. 


We might calculate the beta of the transistor from the collector family of curves 
such as shown in Figure 30-3 by holding the collector voltage constant, assuming a 
change in base current and noting the change in collector current, This is illus- 
trated in Figure 31-3, То hold the collector voltage constant, simply make the 
measurement on the 5V collector voltage line. To assume a change of 20ua in base 


current, make the measurement between the 10 and 30ua base current curves. This 
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gives a collector current change of Ima as shown in Figure 31-3. Dividing the 

20ра 54) into the Ima chanqe (Ale), the beta of the transistor on this portion 

of the collector family of curves can be determined. Measuring beta at another 
point on the curves will give a different beta than measured at this particular 
point. Therefore, were this measured value of beta stated, the point on the curves 
at which the measurement was made would have to be indicated along with the temper- 


ature at which the measurement was made. 


The center photo in Figure 31-3 shows another method of using the Type 575 Transis- 
tor-Curve Tracer to calculate beta, Rather than plotting collector voltage versus 
collector current, the base current is plotted directly against collector current 
and the slope of the line can be used to calculate the beta of the transistor. 
Selecting the same area of the curves as was used in the measurement of beta on the 
collector family of curves should give a similar result, Making the measurement in 
Figure 31-3 between the two points of 10 and 30ua of base current, the collector 
current change is once again lma, the same value of beta for this transistor as 

was obtained from the measurement on the collector family of curves. Either 
approach is valid as long as the portion of the transistor's characteristics at 
which beta was measured is stated. For both of the measurements made in Figure 


31-3, the beta or πες measured is;— | Al. Alma a 
he. = — = до = 50 
Ai, 


The beta of the transistor measured in Figure 31-3 is 50 at the particular point of 
operation at which the measurements were made, We might say that the beta of the 
transistor is 50 with a static operating point of Ima of collector current. The 


temperature should also be specified. The measurement in Figure 31-3 was made at 


25° C, or room temperature. 


LOAD LINES: 


To gain information on transistor operation in a circuit, a load line may be con- 
structed on the characteristic curves of the transistor. The term load line indi- 
cates the line through the characteristic curves that will indicate the operation 
of the transistor in the circuit. This is determined by the resistance or the im- 
pedance in the circuit, depending on whether d-c or a-c characteristics are being 


dealt with. For d-c characteristics, the slope of the line constructed on the 
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characteristic curves will be determined by the resistance in series with the tran- 
sistor. This is illustrated in Figure 32-3. In this case, the transistor is ina 
common emitter configuration and it has a total of 2.2K0 in series, The supply 
voltage is 10V. The load line for the configuration in Figure 32-3 extends between 
the supply voltage of 10V and the point of maximum current governed by the resis- 
tance in the circuit. The slope of the load line is determined by the resistance 


in series with the transistor, 


To calculate the d-c load line for a transistor on its characteristic curves, assume 
that the supply voltage and VC E are equal, |n other words, assume the transistor 

is an open-circuit and it has the full supply voltage across it. To gain another 
point on the load line, assume that the transistor is short circuited and the total 
circuit current is limited by the series resistance, In Figure 32-3, 10V divided 

by the 2,2KQ gives 4.54ma of maximum current, Only two points are required to con- 
Struct a load line. Connecting these two points with a straight line indicates the 
operation of the transistor at any point along the load line, The point at which 
the base current of 50ua crosses the load line corresponds to a collector voltage of 
5V. The load line in Figure 32-3 is a d-c load line and indicates the d-c operation 
of the transistor in a circuit configuration, and the series resistance and collect- 
or supply voltage in the circuit determines the region of operation on the char- 
acteristic curves, Any two points on the load line can be selected to establish 

it. As an example, assume that 2ma of collector current is flowing in the transis- 
tor in Figure 32-3. The 2ma must flow through 2.2K, dropping 4.4V. The remainder 
of the voltage is across the transistor. Therefore, the point where 2ma crosses 
5.6V (4.4V across the load resistor leaves 5,6V across the transistor) is one point 
on the d-c load line. This point extended to lOV gives the d-c load line for the 
transistor. То construct a d-c load line on a collector family of curves, simply 
find two points of operation for the particular series resistance and supply voltage 
in the transistor circuit configuration, (We will find that the same is true for 

an a-c signal load line; however, we will have to deal with the impedance in series 
with the transistor, rather than simply the 4-с resistance.) The slope of the load 
line such as shown in Figure 32-3 will be the same when the series resistance is 
2.2K regardless of the value of supply voltage. In other words, if the supply vol- 
tage is 5V rather than IOV, the load line has exactly the same slope, but is placed 
differently on the collector family of curves. To illustrate this, assume that the 


collector supply voltage is 5V in Figure 32-3 and construct a load line. If you 
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constructed your load line properly, you should have found that it extended be- 
tween 5V on the horizontal to 2,27ma on the vertical, and should run parallel to 


the original load line, Check your load line and see, 


Biasing with a synthesized constant current source is typical with transistors, 
Consider the configurations shown in Figure 33-3. The collector supply voltage is 
being used not only to supply the collector bias, but is also being used to bias 

the emitter-base junction. Using a high resistance of 500K for the resistor desig- 
nated Res the base current magnitude is essentially established by the value of 

this resistance. The voltage across the emitter-base junction is a very small 

value with respect to 10V (possibly 300mv or less for a germanium transistor). 
Neglecting the voltage across the emitter-base junction, there will be approximately 
IOV across 500KN of resistance. This sets the current at approximately 20ua. The 
operating point on the collector family of curves is established by this biasing 


resistor and the supply voltage. 


Construct a d-c load line for the circuit in Figure 33-3. If you have constructed 
your load line properly, it should extend between 10У оп the horizontal and 2ma on 
the vertical. With the operating point set by the 500K resistor (RE) in the base 
circuit, the operating point is set at 201a of base current, This is illustrated 
in Figure 34-3. The static operating is set at a collector current of zl.2ma and 
a collector voltage of ~3.5V. Try constructing a load line on Figure 35-3. You 


will find the proper load line in Figure 36-3. Remember to determine the operating 


point as well. 


TRANSISTOR SATURATION: 


As discussed earlier in this volume, when both junctions of a transistor become 
forward biased, the transistor is termed in saturation, It is possible in the 
common emitter configuration, for instance, to cause sufficient transistor current 
to flow, that the collector voltage falls below the base voltage and the collector 
junction becomes forward biased. When this happens, both the collector and the 
emitter start to inject carriers into the base. Since the current in the collector 
is the algebraic sum of the two diffusion currents, the collector current is de- 


creased, This is one extreme of the transistor's operation. Of course, the other 
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extreme is when the transistor is in cut-off, and the only current flowing is a 
result of the hole electron pairs present due to thermal energy and perhaps some 
surface leakage. In the off-state, the transistor offers a very high resistance 
(near open circuit), and the voltage across the transistor approaches the supply 
voltage. In the opposite extreme, or saturation, the resistance of the transistor 
is very low, and there is only a small voltage across the transistor. The remainder 
of the supply voltage is dropped across the series resistance in the circuit. The 
left hand region of the collector family of curves indicates the region around 
transistor saturation. This is shown in Figure 37-3. When the transistor enters 
saturation, the collector current on a given base current curve is reduced. As 

long as the transistor is not in saturation, changes in collector voltage have only 
a small affect on collector current. Once into saturation (collector becoming for- 
ward biased), the collector voltage has a large affect on collector current. This 
is a result of the carriers injected from the collector into the base. The number 
of carriers injected from the collector into the base is related exponentially to 
the forward voltage collector to base, Table 8 pursues this further for the 
learner who wishes to approach the subject in a deeper fashion. Table 8 is not 
necessary for the coverage in the volume. The collector to emitter voltage at which 
a transistor enters saturation is referred to as VcE(sat)' VcE(sat) in Figure 37-3 
is approximately 0.3V when the base current is 100ua, It can also be said that 
when the transistor's collector current is 4ma upon entering saturation, the collector 
voltage is 0.3V. Beta at saturation, or hFE(sat)? is the current gain of the trans- 


istor at saturation. | 
h ë C (sat) 
FE(sat) lg (sat) 


Assuming 100ua of base current at saturation in Figure 37-3, "FE(sat) is equal to 
0. 


Any transistor in forward conduction has a charqe of minority carriers, effectively 
stored in the base. The minority carriers diffusing from the emitter to the 
collector represent a stored charge. In order to turn the transistor on, the 
stored charge must be established in the base. The stored charge must be removed 
to turn off a conducting transistor. When the transistor enters saturation, the 
collector injecting carriers into the base increases the stored charge in the base, 
It will take a longer period of time to remove the stored charge when attempting 


to turn off a transistor that is in saturation. |t will also take a longer period 
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of time to establish the stored charge when turning on a transistor to saturation. 
The deeper the transistor is driven into saturation, the more stored charge can be 
expected in the base and the more time it will take to establish and remove this 
stored charge in an attempt to turn the transistor on and off, This is illustrated 
in Figure 38-3. Figure 38-3 shows the stored charge distribution for a forward 
conducting transistor and for a transistor which has the collector junction reverse 
biased, and the combination of the two representing the stored charge of a forward 
conducting transistor that is in saturation, Notice in Figure 38-3 that the tran- 
sistor on entering saturation has the stored charge in the base increased greatly 
over the stored charge for a forward conducting transistor not in saturation, For 
a given impedance, it will take a longer period of time to establish this greater 
stored charge when turning the transistor on to saturation and also a greater per- 
iod of time to remove the stored charge when an attempt is made to turn off the 


conducting transistor, 


The increase in the stored charge in the base of the transistor, when the transis- 
tor enters saturation, will greatly effect the switching characteristics of the 


transistor. 


REVI EV: 


The transistor configuration and characteristic curves in Figure 39-3 will be used 
in this example. We will construct a load line to determine the operating point 
base current, collector voltage and collector current for the circuit in Figure 
39-3, Then, with an applied signal current of 10ра peak-to-peak, we will determine 
what signal current is flowing in the output circuit and what is the circuit curr- 
ent gain. One extreme of the transistor's operating range in Figure 39-3 is the 
supply voltage. The d-c load line will intersect the O collector current line at 
9V of collector voltaqe in Figure 39-3. The second extreme of the transistor's 
operation is determined by the series resistance in the paths of the emitter and 
collector current. The load line will intersect the 0 collector voltage line at 
1.8ma of collector current. This is determined by dividing the collector supply 
voltage of 9V by the series resistance which is 5KQ, and the result is the maximum 
current that can flow, or 1.8ma. Connecting these two points with a line is the 


d-c load line for the circuit configuration in Figure 39-3. The operating point 
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base current is determined by the base biasing resistor, Re. 


The operating point base current in Figure 39-3 is found by dividing 9V by the 
600K2 of RE. Notice that Re is nothing more than synthesizing a constant current 
source to supply base current, The 9V in series with the 600KN Re is a high imped- 
ance source to supply base current to the transistor in Figure 39-3. This is ill- 


ustrated in Figure 40-3. 





--. 


FIGURE 40-3 


The 600K resistor in series with the emitter-base junction of the transistor, and 
the 9V source, represents a very high resistance biasing source. The current in 
the closed loop is essentially governed by the value of the resistor Ree An input 
generator, applied at the terminal marked IN in Figure 39-3, will vary the current 
in the emitter-base junction that will, in turn, vary the current in the collector 
circuit, The operating point of l15ua, when plotted on the load line in Figure 39-3, 
gives a collector current of approximately 0.74ma and a collector voltage of 5.4V. 
In other words, at the static operating point, the collector current is 0.74ma, 

the base current is 15ца, and the collector voltage is 5.4V. This is assuming that 
the temperature at which the collector family of curves was measured in Figure 39-3 
is the operating temperature. At a different temperature, the operating point will 
move on the d-c load line. An increase in temperature results in the operating 
point existing at a higher current point on the load line. An increase in tempera- 
turn increases the number of minority carriers available and increases the quies- 
cent current. Methods of stabilizing the operating point will be discussed in a 


later volume. 
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The beta of the transistor will give the current gain of the transistor itself, but 
does not take into account the effects of the circuit. Making a current gain mea- 
surement along the load line, however, gives a measurement of the current gain of 


the circuit, and not just the transistor. 


Assuming an input signal current of lOa peak-to-peak, the base current will vary 
5ma above and below the operating point in Figure 39-3. It will vary from I5Ha 
down to ]0µ8 and up to 20ua over the full swing of the input signal. Plotting this 
change along the load line in Figure 39-3 and noting the change in collector curr- 
ent that occurs along the load line, the needed values can be obtaíned to calculate 
the current gain of the circuit. The collector current change that occurs along 
the load line in Figure 39-3 is 0.48ma for a peak-to-peak change of lOa in base 
current. Current gain in this configuration is the change in collector current 
divided by the change in base current. In the case of the transistor in Figure 


39-3: 


The circuit current gain in Figure 39-3 is 48. Beta of the transistor in Figure 
39-3 is over 50; however, circuit components bring the circuit gain down to 48, 
The load line and measurements that we have been discussing are illustrated in 
Figure 41-3. The slope of the d-c load line is established by the value of d-c 
resistance in series with the transistor and its placement is determined by the 
value of supply voltage. The base current is determined by the value of the con- 
stant current synthesizing resistor, Re. This determines the quiescent operating 
point of the transistor. |f the applied change in base current is assumed to take 
place along the load line, the change in circuit collector current can be found. 
If the change in circuit or output collector current is divided by the applied in- 


put base current change, the current gain of the circuit can be found. 

l'ractice constructing a load line by using the collector family of curves and the 
circuit configuration as illustrated in Figure 82-3, Тһе load line and operating 
point are shown in Figure 43-3. 


COLLECTOR BREAKDOWN; 


In normal amplifier operation, the transistor's collector junction is reverse biased 
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except when driven into saturation. A large reverse voltaqe can result in the 
collector entering an avalanche breakdown mode. Avalanche breakdown in transistors 


can be related to avalanche breakdown as discussed for diodes. 


There are minority carriers present in all parts of the transistor at normal oper- 
ating temperatures. Since the collector junction is reverse biased, any minority 
carriers that enter the transition region at the collector junction will cross the 
junction. A high value of reverse voltage will accelerate the carriers to great 
speeds, The accelerated carriers will strike other atoms in the structure, freeing 
more carriers which are also accelerated by the high reverse voltage. This multi- 
plication of carriers at high values of reverse voltage results in the collector 
entering a reverse breakdown or an avalanche condition. Avalanche breakdown occur- 
ing is illustrated in Figure 44-3. The top photo in Figure 44-3 shows a collector 
family of curves for a transistor, as plotted on the Tektronix Type 575 Transistor- 
Curve Tracer. The second photo is a collector family of curves for the same transis- 
tor, but includes the area around collector avalanche breakdown. When the collector 
breakdown voltage is exceeded, the collector current increases greatly as shown in 
the second photo in Figure 44-3. For the condition indicated for zero base current 
(15) in Figure 44-3, avalanche breakdown occurs at approximately 20V, Veg 
Avalanche breakdown in the collector of the transistor occurs as a result of the 
same mechanism as discussed for the basic diode. The orientation of the transistor, 
however, can effect the voltage point at which breakdown occurs as a result of the 
transistor's gain influencing the breakdown point. If the emitter is injecting 
carriers into the base, there will be many more minority carriers in the base than 
if the emitter is not injecting carriers into the base. The high value of reverse 
voltage will tend to accelerate the carriers that are present in the base as a re- 
sult of the emitter injection along with those that are present due to thermal agi- 
tation. Consider the transistor whose collector family of curves is shown in photo 
one in Figure 45-3. The collector family of curves shows the transistor breaking 
down with zero lg. In other words, when the base current is zero, the transistor 
breaks down with a reverse voltage applied of approximately 20V. Notice in photo 
two of Figure 45-3 that, when the emitter current is reduced to zero, the transis- 
tor does not break down until the collector voltage exceeds 25V. Without the 
emitter injecting carriers into the base, the transistor will have a higher reverse 


breakdown voltage rating. The reverse breakdown voltage with the emitter current 
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equaling zero, is the normal avalanche breakdown point at a given temperature for 
the collector base diode. The reverse breakdown voltage of the collector base diode 
is reduced when the emitter injects carriers into the base, Figure 46-3 illustrates 
how the emitter can inject carriers into the base even though the base lead is d-c 


open circuited, 





FIGURE 46-3 


The reverse voltage applied to the collector junction in Figure 46-3 is also applied 
to the emitter-base junction, Although the supply voltage shown is a reverse vol- 
tage as applied to the collector-base junction, it is a forward voltage as applied 
to the emitter-base junction. This will result in the emitter-base junction being 
forward biased and injecting carriers into the base of the transistor. This will 
result in more carriers being available to be accelerated by the high reverse vol- 
tage at the collector junction and the collector will tend to break down at a lower 


applied voltage than if the emitter were not injecting carriers into the base. 


Figure 47-3 shows breakdown voltages as given for three types of configurations, 

In the top diagram in Figure 47-3, the voltage is being measured between collector 

and emitter with the base d-c open circuited, When the base is essentially d-c open 
circuited (or a high resistance is placed in the base lead), the supply voltage is 
applied across both the collector-base and emitter-base junctions. This results in 
the emitter injecting carriers into the base and the breakdown voltage measured be- 
tween collector and emitter being a lower voltage than that measured between the col- 
lector and base, with the emitter d-c open circuited. The symbol given the voltage as 
measured in the top diagram in Figure 47-3 is BV This indicates the breakdown 
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base, is d-c open circuited. 


The breakdown voltage, as measured in the second diagram in Figure 47-3, is BV во: 
the breakdown voltage from collector to base, with the emitter d-c open circuited, 
In the configuration shown in the second diagram in Figure 47-3, the emitter is not 
injecting carriers into the base and the breakdown voltage is essentially the ava- 


lanche point of the collector-base junction, 


The last diagram in Figure 47-3 is an attempt by manufacturers to specify a break- 
down voltage that will more closely relate to an actual circuit configuration. In 
the final diagram in Figure 47-3, the breakdown voltage is between collector and 
emitter with a specified value of resistance between the base and the emitter. As 

a summary, BV-pg is the breakdown voltage as measured between collector and base 
with the emitter d-c open circuited. This is essentially the avalanche breakdown 
voltage point of the collector-base diode, When the base is d-c open circuited and 
the breakdown voltage is measured between collector and emitter, the emitter inject- 
ing carriers into the base reduces the voltage required to cause breakdown. BVe eg 
is an attempt to specify the collector breakdown voltage between ВУ во апа BVe eg: 
and more closely relate the breakdown voltage to that which might be encountered 

in a typical configuration. We should also keep in mind that the values of break- 
down voltages as stated by the manufacturer will be given at a specified temperature 


and, if the temperature is different, the breakdown voltages will be different. 


POWER DISSIPATION: 


The maximum power dissipation capbilities of the transistors are limited by the same 
factors as those discussed for the basic diode. The maximum temperature at which 

the junction can operate without harm, the surrounding air temperature, and the 

total thermal resistance from junction to surrounding air will limit the power dissi- 


pation, 


Like the basic diode, the transport of carriers in the transistor will result in 
carriers changing energy bands and giving off energy in the form of heat and light. 
The primary concern at the transistor junction is the energy given off in the form 


of heat. The more power dissipated at the junction, the more heat is given off. 
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The heat qenerated at the junction raises the junction temperature above that of 
the surrounding air (or the case of the transistor). The junction can reach an 
operating temperature at which it is harmed if too much power is dissipated. Like 
the basic diode, some of the qenerated heat can be moved away from the junction 
and more power dissipated for the same ambient temperature and transistor if exter- 


nal heat sinking is used. 


The collector junction normally dissipates the greater amount of power of the two 
junctions. In other words, the product of the collector current and voltage is 
generally greater than the product of the emitter current and voltage (referring to 
the junctions). The transistor is normally mounted in a case and this offers oppo- 
sition to transfer of heat from the junction to surrounding air. The thermal resis- 
tance from the junction to the case will be set by thermal connection to the encap- 
sulation in which the transistor is placed, If the radiation from the case to the 
surrounding air is relied on to move the heat away from the junction, the power 
dissipation capabilities of the transistor can be rather limited, Connecting the 
case of the transistor thermally to the chassis or some external heat sink can move 
a greater amount of heat away from the transistor's case and allow more power dissi- 


pation for the same ambient temperature. 


The difference between the ambient or surrounding air temperature and the maximum 
allowable operating temperature of the junction, gives the allowable rise in junc- 
tion temperature as a result of dissipating power at the junction. The opposition 
offered in the path of the heat transfer from the junction to the surrounding air 
is termed thermal resistance. The higher the thermal resistance, the less heat 


will be transfered (other considerations being equal). 


Figure 48-3 shows the thermal to electrical analogy as applied to the transistor. 
This analogy is very similar to the analogy as used with the basic diode and the 
formulas are also very similar. In the majority of cases, the thermal resistance 
of interest is between the collector junction and the case, and between the case 

| and the surrounding air as illustrated in Figure 48-3, The collector junction has 
the higher power dissipation than the emitter junction typically. Once the thermal 
to electrical analogy is formulated, such as shown in Figure 48-3, Ohm's Law, 
Kirchoff's Law, and the basic theorems may be applied to solve the thermal consider- 


ations of the transistor as was done for the basic diode earlier in this volume. 
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In the analogy, the product of thermal resistance total and the power dissipation 
gives the rise in junction temperature (voltage in the analogy) and this rise in 
temperature added to the ambient temperature (which is also analogically compared 
to a voltage) gives the junction temperature, In other words, the sum of the junc- 
tion temperature rise as a result of dissipating power and the ambient temperature 
gives the actual operating temperature of the junction. Thermal resistance is ex- 


pressed in degrees centigrade per watt. 


Connecting the transistor thermally to an external heat sink (such as the chassis) 
can be termed heat sinking the transistor. Heat sinking reduces the total thermal 
resistance by reducing the thermal resistance from the case to the surrounding air. 
Figure 49-3 shows the thermal to electrical analogy when an external heat sink is 


used to reduce the total thermal resistance, 


When an external heat sink is used, two thermal resistances, θρς апа Osa» replace 
the thermal resistance, θεα’ In other words, the thermal resistance, case to am- 
bient or surrounding air, is replaced by two other thermal resistances. The sum of 
the thermal resistances, θες апа Osa» will always be much lower than Oca’ the ther- 
mal resistance from case to ambient. (These considerations are the same as was dis- 


cussed with the basic diode. They are simply being applied to the transistor.) 


The collector junction is of prime interest when we are dealing with the thermal 
resistance from the collector junction to the case, from the case to the heat sink, 
and from the heat sink to the surrounding air. Higher power handling transistors 
generally have the collector connected directly to the case to aid in the heat 
transfer. In most cases, this requires the case to be insulated electrically from 
the heat sink. The electrical insulator used must have good heat conductivity and 
still electrically insulate the transistor from the chassis. In some instances, the 
transistor manufacturer connects the emitter thermally to the case, and the transis- 


tor is referred to as a reverse polarity device. 


To make a good thermal contact with the transistor, the insulating washer must have 
no ridges or gaps between the insulating washer and the transistor, and between the 
insulating washer and the heat sink, The gaps and so forth can be minimized by 
highly polishing the insulating washer, the transistor, and heat sink so that 


a good contact is made. If the polishing that must be done to make a good thermal 
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contact is prohibitive, silicon lubricant can be added to the insulating washer to 
Fill in the gaps. Silicon lubricant will establish a good thermal contact between 
the transistor and the insulating washer and the insulating washer and the heat 
sink without polishing. If no heat sink is used, silicon lubricant can still be 
used to form a good thermal contact between the transistor's case and the heat sink. 
The chart at the bottom of Figure 49-3 shows the typical thermal resistances with 


and without silicon lubricant for several types of insulating washers. 


Let's apply the thermal to electrical analogy as shown in Figure 49-3 to a typical 


power transister: 


Given: Өсд = 3,2°C/watt 
Өс = 1.2°C/watt 
θες = 0,6*C/watt 


Maximum junction operating temperature (T ) = 150°C 


Jmax 
Ambient temperature (TA) = 50°C 


The sum of the individual thermal resistances as listed gives the total thermal re- 
sistance. In the case that we have just listed, θις + θες + Өсд = Oy, = 5°C/watt. 
The total thermal resistance for the transistor we are discussing is 5°C/watt. We 
have stated that the expected ambient temperature is 50°C and the maximum allowable 
junction temperature is 150°C, From this we can calculate the allowable rise in 
junction temperature as a result of power dissipation by subtracting the ambient 
temperature from the maximum operating temperature of the junction, In the case 
stated, we can allow a temperature rise at the junction of 100°C as a result of 
dissipating power: (AT Ja] lowable = Timax 7 Ta = 150°C ~ 50°С = 100°C) We can also 
state that the product of power dissipation and the total thermal resistance must 
not exceed the maximum allowable rise in junction temperature, We can arrange this 
to solve for the maximum power dissipation that the transistor can tolerate. We 


can state in formula form that: P Ө уд = - Т 


Dmax ιός Α 


where Баа equals the maximum power dissipation of the transistor, Од is the total 


thermal resistance, T is the maximum operating temperature of the junction, 


Jmax 
and TA is the ambient temperature. Rearranging this formula, we can say that: 


Р = - 
Dmax MUR ТА 


8 1A 
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Substituting the values for the transistor that we have previously stated, we find 


that: P 150°С - 50°С 


Dmax 5°C/watt 


To find the maximum allowable power dissipation for a qiven ambient temperature, 


divide the thermal resistance into the allowable change in junction temperature, 
100°С 


5°C/watt ’ which gives us a maximum allowable power dissipa- 


which in this case is 


tion of 20 watts. 


Let's try this again with the following characteristics given: 


θς - 2.1°C/watt, Θρς = 0,8*C/watt, ca = 5,1°C/watt, Tą = 70°C, T тах = 150°С 
Let's solve the maximum power dissipation (Ран! of the transistor with these con- 
ditions, With an ambient temperature expected of 70°C and a maximum allowable 
junction temperature of 150°C, we have an allowable temperature rise at the junction 
as a result of dissipating power of 80°C, The total thermal resistance is the sum 
of all the thermal resistances or, in this case, 8°C/watt. An allowable change in 
junction temperature of 80°C divided by 8°C/watt gives a maximum power dissipation 
of 10 watts. Showing that in formula form: 


T - Τ ог S о — = 
= Jmax A 150°C = 70°C = 10 watts қ 


Р = 
Dmax —% = 8°C/watt 
JA 


PLOTTING MAXIMUM POWER DISSIPATION ON THE COLLECTOR FAMILY OF CURVES: 


When the maximum power dissipation of the transistor is stated by the manufacturer 

or calculated using thermal resistances as we have just been doing, it can be 

plotted on the collector family of curves as shown in Figure 50-3, This is done 
simply by connecting all points of maximum power dissipation with a line. Notice 
that the line will show a hyperbolic curve when plotted in this fashion on the 
collector family of curves. For the transistor in Figure 50-3, the maximum power 
dissipation is 150mwatts. This is a fairly low power transistor and probably doesn't 
incorporate an external heat sink. Connecting all points on the collector family 

of curves that equal I50mwatts of power dissipation gives the curve as shown in Figure 
50-3. Notice that this power dissipation is given at 25°C. This same transistor 

at a higher temperature will have a lower maximum allowable power dissipation. The 


reason is evident from the calculations that we have just accomplished in the past 
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few pages. At a higher ambient temperature, there will be less allowable change in 


junction temperature as a result of dissipating power. 


The area below and to the left of the maximum power dissipation curve in Figure 50-3 
is the safe operating area at 25°C. The area above and to the right of the maximum 


power curve is, of course, the unsafe area. 


A transistor operating in an amplifier configuration or in any configuration that 
has a resting point in the active region of the curves (somewhere between cut-off 
and saturation) must not have its load line cross over the maximum power dissipation 
hyperbolic curve. In order to accomplish maximum power output with a given transis- 
tor operating in the linear region, the load line should be constructed tangent to 
the maximum power hyperbolic curve and extend through the most linear region of the 
curves, Such a load line is illustrated in Figure 51-3. We will discuss later the 


attributes of selecting the operating point at the point of tangency with the power 


hyperbolic curve. 


If the transistor has a resting state somewhere in the active region of the transis- 
tor (between cut-off and saturation), and it is desired to have maximum current 
swing available, the load line can be constructed from the maximum current point of 
the transistor to a point tangent to the maximum power hyperbolic. This is illus- 
trated in Figure 52-3. Holding the load line below and to the left of the maximum 
power hyperbolic curve will insure that the transistor's maximum power dissipation 
is not exceeded, and having the load line extend to the maximum current point will 
allow maximum current swing when the transistor has a resting state in the active 


region, 


If the transistor has a resting state in the active region and maximum available 
voltage swing is desired, the load line can be constructed from the maximum coll- 
ector voltage point to a point tangent to the maximum power hyperbolic. This is 
illustrated in Figure 53-3, Once again, keeping the load line below and to the 
left of the maximum power hyperbolic curve insures that the transistor will not ex- 
ceed its maximum power dissipation, and having the load line extend to the maximum 
voltage point insures that the maximum available voltage swing can be accomplished, 
The maximum power dissipation curve that we have discussed to this point is true 


for the transistor that must rest in the active region between saturation and cut- 
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off. If the transistor will be dealing with pulses and/or switchinq considerations, 
the peak power of the transistor can be significantly greater than the maximum steady 
state power dissipation. This is because only a small amount of power is dissipated 
when the transistor is at the extremes of its operation, The extremes of the tran- 
sistor's operation are referred to as cut-off and saturation, The most power, of 
course, is dissipated in the active or transient region between these two extremes. 
If a transistor is operated as a switch and operated between saturation and cut-off, 


it might spend only a small amount of time in the maximum power dissipation region. 


When the transistor is in saturation, it has very little voltage across it, but it 
can have a relatively large current flowing. This will result in only a small power 
dissipation. As the opposite extremes of its operation, the transistor is cut off 
and very little current is flowing. There may be a significant voltage across the 
transistor at cut-off, but as a result of the low current, very little power is 
being dissipated. Therefore, at the two extremes of the operation, the transistor 
dissipates very little power. The area between saturation and cut-off, termed the 
active or transient region, has a transistor dissipating considerable power, If 
the transistor spends very little time in the transient region; however, it can 
cross over the maximum power dissipation curve for steady state power. 

The reason for this is that it takes a period of time for the transistor to heat 
once the power dissipation has changed. If the transistor is at cut-off, as an 
example, and switched rapidly from cut-off to saturation through the transient re- 
gion, it might spend only a very small amount of time in the transient region. The 
addition of the capacitor in parallel with the thermal resistance in Figure 54-3 is 
necessary in dealing with thermal considerations for pulses and switching, Тһе 
thermal capacitance is more complicated than the simplified model, as shown in 
Figure 54-3; however, in this analogy we have lumped all of the thermal capacitance 
for the transistor and its associated encironment into one representative capacitor, 
The product of the thermal resistance and the thermal capacitance will result in a 
thermal time constant. It will require five thermal time constants after a change 


in power dissipation before the junction will reach its final temperature, 


As an example, consider a transistor that is operating quiescently in its off con- 
dition. Applying a pulse to the transistor and driving it to saturation, the tran- 


sistor will move through the transient or active region and then rest in the satur- 
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ation condition. If the transistor spends less than five thermal time constants 

in the active region, it will never reach the temperature to which the peak power 
would indicate that it would reach. In other words, the product of peak power and 
thermal resistance will give a temperature to which the junction will start to 
change. It will take five thermal time constants to change to this temperature and 
if the transistor does not remain in the active region for five thermal time con- 
stants, the junction will never reach this temperature, Therefore, if the transis- 
tor is operated between its extremes and spends very little time in the active re- 
gion where it will be dissipating maximum power, it is possible to have the load 
line cross over the maximum steady state power dissipation curve. This is assuming 
that the repetition rate (the number of times the transistor enters the active re- 
gion per second) is not high enough that the transistor spends too much time In the 
area of maximum power dissipation. The repetition rate will be limited for a tran- 
sistor acting as a switch with its load line crossing over the maximum power dissi- 


pation curve. 


{Т the transistor does not spend too much time in the active region, however, its 
excursions can enter the active region beyond the maximum steady state power dissi- 
pation curve on its collector family of curves, This is illustrated by the load 
line as constructed in Figure 55-3. The load line in Figure 55-3 is constructed 
between the maximum voltage point and the maximum current point for the particular 
transistor represented. The hyperbolic curve constructed on the collector family 

of curves in Figure 55-3 limits the transistor's maximum steady state power dissi- 
pation at 25°C to 150ту. The load line shown intersects the center of the collector 
family of curves and at that particular point, there is lOma flowing and 25V across 
the transistor for a collector power dissipation of 250mw, The transistor during 
its excursion through the active region can dissipate as much as 250mw, If the 
transistor does not spend sufficient time in the active region to allow the junction 
to heat to the temperature that would result if it were dissipating 250mw continu- 
ously, the transistor can safely make an excursion through the active region with- 


out harm, 


Assuming a total possible current swing in Figure 55-3 of 0 to 20ma, and a total 
possible voltage swing of 0 to 50V, we might estimate the total possible power swing 
as being the product of these two excursions or 1,000m. In other words, suppose 


the transistor was sitting in its cut-off state with approximately 50V across the 
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transistor, If it were suddenly turned on to full conduction, the total excursion 
in the collector current is 0 to 20ma, and the total excursion in the collector 
voltage is 50V down to approximately OV. A change of 50V taken as a product with 


the change of 20ma is the total possible power excursion (1,000mw). 


it should be kept in mind, however, that if the transistor has a resting state some- 
where in the active region, its load line cannot cross over the maximum power hyper- 
bolic curve and, therefore, the maximum power dissipation of the transistor is 150mw 
in Figure 55-3. The load line as shown would only be possible if the transistor 
were operating in a cut-off to saturation switching mode and the repetition rate 


were not high enough for the transistor to spend too much time in the active region 


of its curves. 


THE TRANSISTOR SWITCH: 


The requirements of a good switch might be stated in the following manner; 

(a) A good switch should have two states, an on state and an off state. 

(b) The off state should approach an open circuit, 

(c) The on state should approach a short circuit. 

(d) The applied driving siqnal required to hold the switch open or closed should 


be small. 
(e) The switch should be able to handle adequate amounts of power. 


Although it is not a perfect switch, the transistor lends itself well to switching 
applications. With no forward bias applied to the emitter-base junction and the 
collector properly biased, only a small thermally generated carrier current flows 
(logo or legg depending on the configuration), and the open circuit resistance of 
the transistor will be on the order of 100К0 то ѕегуега1 megohms. The transistor 


can also have a reverse bias applied to the emitter-base junction to reduce the 


off-state current. 


The transistor can be turned on and driven to saturation if sufficient base current 
is provided. Its collector to emitter resistance can be reduced in the range of 
0.052 to 502 when the transistor is turned on to saturation. This can result іп 


the voltage across the transistor being reduced to perhaps one-tenth of a volt in 


291 





ОРЕ OFF 


INPUT PULSE 


ON 


| on cepe 
B 
(BASE CURRENT) | 






| 
= DELAY TIME | | | 
= RISE TIME іс Р EGNE 
ος της (COLLECTOR CURRENT) | | | = 
= FALL TIME ыа | | š ЖЕ 
it. чы 


FIGURE 56-3 


292 


the on state. 


Operating the transistor in the common emitter configuration is most common when 
the transistor is being used in a switching mode. This, of course, is because of 
the current gain between the base and the collector circuit which reduces the drive 
requirements for the transistor when it is in the common emitter configuration, 
With the transistor in a common emitter configuration, the voltage across the tran- 
sistor at saturation is given the symbol Vcg(sat)' This was discussed earlier in 


this volume, 


Operating the transistor in the cut-off to saturated mode is the most common and 

has the advantage of low resting state power dissipation. The low resting state 
power dissipation is a result of very little power being dissipated when the tran- 
sistor is at cut-off and when the transistor is at saturation. The power, of 

course, is dissipated when the transistor moves through the active region, This 
switching mode has the disadvantage, however, of limiting the repetition rate as a 
result of a larger stored charge of minority carriers in the base. The larger stored 
charge in the base results from driving the transistor into saturation as previously 
discussed. There is also a repetition rate limiting factor if the transistor is 
making an excursion beyond its maximum power hyperbolic for steady state power dissi- 
pation. If the transistor spends too much time in the active region beyond this 


maximum power dissipation curve, it can be damaged. 


On entering saturation, the stored charge in the base or the transistor is increased, 
Of course, the deeper the transistor is driven into saturation, the greater the 
stored charge in the base. As discussed with the basic diode earlier in this volume, 
the total charge must be established before the transistor can be turned on and the 
total stored charge must be removed to turn the transistor off. Since it does take 
a period of time to establish and remove the stored charge, the total switching time 
of the transistor is increased when the transistor rests in saturation rather than 
resting in the active region. Ап їпсгеа<е їп the total switching time of the 
transistor will decrease the maximum number of times the transistor can switch 


between its resting states per second, 


Figure 56-3 illustrates a simple circuit for measuring the switching characteris- 
tics of a transistor. The collector might be monitored with an oscilloscope. Care 


would have to be taken to insure that the oscilloscope could measure the times in- 
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volved in the measurement circuit. 


When the transistor is turned on, it will take a period of time for the stored 
charge to be established and for the recombination and diffusion to reach an equili- 
brium rate. In other words, it will take a period of time for the injected carriers 
to move across the base to the collector and it will take a period of time for the 
carriers that find recombination traps to reach an equilibrium recombination rate, 
Therefore, when a change is applied at the emitter-base junction, there is some time 
before the change occurs in the collector. In Figure 56-3, the time between the 
application of the input change and the point that the collector current is changed 


10% of its total excursion is termed the delay time of the transistor, 


The time between the points on the leading edge of the collector current waveform 
where the current has changed 10% and where the current has changed 90% of its 
total excursion is termed the risetime. Risetime is measured between the 10 апа 
90% on the collector current waveform, The risetime is determined by the charge 
control time constant in the base which is governed by the minority carrier life- 
time. Table 8 covers this in a deeper manner dealing with a physical model, Table 
8 is not necessary for this coverage; however, it is included for those who want to 
pursue this a bit further with a physical model, The sum of delay time and rise- 


time is the transistor's turn-on time. 


Referring to Figure 56-3 again, the time between the removal of the input pulse and 
the point that the collector current is reduced to 90% of its maximum value is 
termed the storage time. Storage time is governed by the period of time it takes 
to remove the stored charge in the base of the conducting transistor. Storage time 
is, of course, increased when the forward bias collector injects carriers into the 
base when the transistor enters saturation. Storage time will be minimum when the 
transistor does not enter saturation and will increase as the transistor is driven 
deeper into saturation. Holding the transistor out of saturation will reduce the 
storage time. The time between the 90% and the 10% on the falling portion of the 
collector current waveform in Figure 56-3 is termed the fall time. The sum of 


storage time and fall time gives the transistor's turn-off time. 


Turn-off time = storage time + fall time, and turn-on time = delay time + risetime, 


The total transistor switching time is the sum of all of the switching times as 


29% 


measured in Figure 56-3. 


The manual switch, as used in Figure 56-3, is not fast enough to give accurate 
readings of switching times, In practice, an electronic switch is used to drive the 
transistor when switching time measurements are to be made. Figure 57-3 shows a 
measurement set up to measure fast transistor switchinq times. The Type 290 Switch- 
ing Time Tester provides a circuit, bias voltages, input and output jacks along with 
facilities to drive the input of the transistor. The output is monitored with a 
sampling oscilloscope. In the case of Figure 57-3, a Tektronix Type 661 Sampling 
Oscilloscope is used. This oscilloscope is a dual trace unit and, therefore, both 


the input driving signal and the transistor's output may be monitored. 


The input pulse and the transistor's output are monitored and measurements taken of 
switching times exactly as outlined in Figure 56-3. However, faster electronic 
switching is accomplished by driving the transistor with a Type 109 Fast Rise Pulse 
Generator, These measurements are similar to the diode switching time measurements 
that were made previously in this volume. Therefore, it should be remembered that 
risetime considerations of the measurement system must be taken into account when 


making measurements on the fast transistor. 


The risetime, as measured in Figure 57-3, is approximately 7nsec, and the storage 
time measured is approximately IInsec. The measurement system in Figure 57-3 can 


be used to make measurements down to fractional nanoseconds switching times. 


The Type 290 Transistor Switching Time Tester, as shown in Figure 57-3, can be some- 
what limited in that the transistor must be placed in the configuration as built 
into the Type 290. More flexibility can be accomplished by using the Type 292 
Semiconductor Tester as shown in Figure 58-3. The Type 292 Semiconductor Tester 
allows the circuits for the transistor to be selected and built on the circuit 
boards provided while maintaining the transistor in an optimum measurement environ- 
ment. This does not limit the measurement to a specified circuit, but allows the 
measurement circuit to be fabricated on special test fixtures provided. The Type 
292 offers the added flexibility that diode measurements, etc., can be accomplished 


along with transistor switching time measurements. 


The measurement approaches that we have been discussing are fine if only a limited 
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number of measurements in a period of time are anticipated. For transistor manu- 
facturers, however, the system of measurement becomes more complex. A great number 
of measurements must be made in a short period of time if the system ís goinq to 
offer any advantages. Figure 59-3 illustrates a computer type, programmable system 
that can be used for rapid sequencial measurements of switchinq times of fast tran- 
sistors. This is the Tektronix Type $-3401 system. This system can also be used 
for measurements on other semiconductor devices to include integrated circuits, 
This is primarily designed for the manufacturer who must make a great number of 
checks in a short period of time and is used as an example here to show the com- 
plexity of the measurement system that can come about for checking semiconductor 


switching times. 


SPEED-UP CAPACITOR: 


As we have previously discussed, the stored charge in the base of the transistor 
must be established to turn on the transistor and must be removed to turn the 
transistor off. Sufficient current must be supplied to establish and remove the 
storage charge if this is to be accomplished. Time constant of the resistanca o: 
the driving source and the effective capacitance in the input loop will limit the 


establishment and removal of the stored charge. 


There is normally resistance in the input stage of the transistor for d-c consider- 
ations and this will increase the time involved in establishing and removing the 
stored charge. If the output resistance of the driving source is low, a capacitor 
can be added across the resistance in the input circuit and speed up the switching 
time. Since it speeds up the switching time, it is referred to as a speed-up capa- 
citor. Actually, the speed-up capacitor is compensating the input circuit so that 
the time constant of the input circuit is equal to the time constant of the charge 
control circuit in the base of the transistor, The speed-up capacitor and its 
effect on the switching time is shown in Figure 60-3. When the speed-up capacitor, 
as shown in Figure 60-3, is selected for optimum speed-up action (when the time 
constant of Кр and the speed-up capacitor is equal to the time constant of the 
charqe control or effective RC time constant in the base), the charge on the speed- 
up capacitor speeds up the establishment and removal of the stored charge in the 


transistor base. We might adjust the speed-up capacitor while observing the tran- 
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sistor switching characteristics on the Type 290 Switching Time Tester or on the 


Type 292 Semiconductor Tester along with a sampling oscilloscope, 


If we let the symbol Q. indicate total transistor stored charge and q. indicate 
the charqe on the speed-up capacitor, Q. should be approximately equal to q. for 
opt.imum speed-up action. 0. = СЕ, where C is the capacity of the speed-up capacitor 
and E is the voltage across the capacitor, Then if Q. = ο) we will have optimum 
speed-up action and, therefore, d. = ч. = СЕ. Therefore, to find the optimum value 
of speed-up capacitor, we might transpose the formula Q. = Q. = CE to read: 

= = C (value of speed-up capacitor) 
If the manufacturer specifies the stored charge or some method by which the stored 
charge can be calculated for a given current, the optimum value of the speed-up 
capacitor can be calculated from the foregoing formula. It is evident that the 
charge on the speed-up capacitor should equal the transistor stored charge for 


optimum speed-up action. 


When the speed-up capacitor Is adjusted for optimum speed-up action, the time con- 
stant of the speed-up capacitor and—its associated resistance is equal to the time 
constant of the charge control, equivalent RC network in the transistor. We might 
then say that when the speed-up capacitor is adjusted for optimum speed-up action, 
that RC -+ (since RC equals the effective RC in the base of the transistor). 

We might investigate this a bit further by saying that RC (referring to the speed- 

up capacitance and its associated resistance) is equal to zu and transposing we 
might say that f. = = , where R and C are the speed-up capacitor and its associated 
resistance. Therefore, the time constant of the speed-up capacitor in its assoc- 
iated resistance will give an approximation of the high frequency limitations of 


the transistor. This, of course, is also covered in Table.8, 


CURRENT MODE SWITCHING: 


An obvious method of reducing the saturated mode storage time is to keep the tran- 
sistor out of saturation. This type of switching mode is referred to as current 
mode switching, and the transistor operates between cut-off and the active region. 


Current mode switching will allow a faster repetition rate than cut-off to saturated 
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mode switching; however, current mode switching will allow much less power dissi- 


pation than low rep rate, cut-off to saturation mode switching. 


Current mode switching is nothing more than not allowing the collector to become 
forward biased. This prevents the collector from injecting into the base, The 
collector voltage must be held greater than VcE(sat) to accomplish this. Zener or 
avalanche diodes are sometimes used to catch the collector voltage and hold it 
above VcE(sat) when the transistor is being used in this switching mode. This 
prevents the transistor from entering saturation. Figure 61-3 illustrates the load 
line for current mode switching. The transistor is not allowed to move into the 
saturation region and the collector voltage is held above VCE(sat)* Since the tran- 
sistor must rest in the active region, however, the load line is kept below the 


maximum power dissipation hyperbolic curve. Current mode switching offers higher 


speed switching and lower noise along with less critical transistor parameters; 


however, the d-c design problems are more complicated than with the cut-off to 


saturated mode, 


When the transistor enters saturation, both the emitter and collector inject 
carriers into the base, which results in an increase in the noise level. The 


current mode switch does not enter saturation and generates less noise than the 


saturated mode. 


Since the transistor does not enter saturation, VcE(sat) and hFE(sat)* breakdown 
voltage from emitter to base, thermal and leakage currents are less critical with 
the current mode. With the current mode switch, however, the transistor must re- 
main out of saturation under worst case conditions, This increases the complexity 
of the d-c design considerations over the cut-off to saturated switching mode, 
Also, since the current mode switch has a resting state in the active or transient 


region, care must be taken that the maximum power of the transistor is not exceeded. 


We might summarize this by saying the advantages of the current mode switch over the 
cut-off to saturated mode switch are faster switching speed, less critical tran$is- 
tor parameters, and the disadvantages are higher resting state power dissipation 


and the more complicated d-c design considerations than the off to saturated mode, 


m š 


AVALANCHE SWITCHING MODE: 


The avalanche switching mode has the transistor switching between cut-off and a 
point in the avalanche breakdown region. The switching time can be on the order of 
fractional nanoseconds with this switching mode, One resting state of the avalanche 
switching transistor is just out of the avalanche breakdown condition, and the other 
resting state is in the avalanche breakdown region. This is illustrated in Figure 
62-3. The application of external energy to cause the transistor to switch states, 


is termed triggering and the applied energy to cause switching is termed a trigger. 


Figure 62-3 shows an avalanche transistor biased for avalanche switching. The 
supply voltage (Vic) is very near the avalanche breakdown voltage point of the 
transistor, The transistor in Figure 62-3 must operate on the load line. It can 
only operate at points A, B, and C with the load line and value of supply voltage 


(Vee) shown in Figure 62-3. 


Consider the transistor in circuit X in Figure 62-3 is operating at Point A on the 
curve. Forcing more current with the value of Vec constant will result in the 
operating point shifting to Point B and then to Point C on the load line, This 
transition can take place in a fractional nanosecond, This results in the avalanche 


switching transistor having the ability to offer a very fast switching time. 


A trigger is required to return the transistor to Point A in Figure 62-3, once it 
has been switched to Point C, The avalanche switching mode shown in Figure 62-3 


is bi-stable, meaning that the transistor has two stable states, 


Circuit Y in Figure 62-3 has a trigger applied to the collector. The trigger will 
increase or decrease the collector voltage, depending on its polarity. A positive 
going trigger will increase the applied collector voltage and the load line will 
essentially move to Point B. At that instant, the only point on the load line that 
the transistor can exist is at Point Е, Опсе triggered to Point E and the trigger 
removed, the transistor in circuit Y will rest at Point C, when the trigger is no 
longer present. For the transistor to move back to Point A on the load line from 
Point C, the collector must be triggered in the opposite polarity. We can say that 


circuit Y in Figure 62-3 is bi-stable and switches between Points Å and C. 
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Figure 63-3 shows an avalanche transistor in a typical application. The avalanche 


transistor is being used as a fast rising pulse generator. 
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The avalanche volts adjustment (RI057) allows the quiescent operating point of the 
avalanche transistor to be adjusted just below the avalanche breakdown voltage. An 
incoming pulse applied to the base of the transistor through C1052 will cause the 
transistor to switch to a point in the avalanche breakdown region. The pulse is 
then shaped by a shorted transmission line, referred to on the schematic as a 2cm 
strip line. Note the use of the zener diode (D1054) as a voltage reference device. 
01065 is being used as a coupling diode, We might anticipate that D1065 must be a 
rather fast switching diode in order to accomplish the transfer of energy that it 


must accomplish in this configuration. 
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HIGH FREQUENCY TRANSISTORS: 


Among the high frequency limiting factors in the transistor are the collector tran- 
sition capacitance, emitter transition capacitance, base transit time as governed 
by the lifetime of the minority carriers in the base, the diffusion constant of the 
material used in the base, and the spreading out of the carriers during their 


diffusion through the base from the emitter to the collector. 


The carriers injected from the emitter into the base are existing as minority 
carriers and diffusing until they either recombine or diffuse the entire base thick- 
ness and reach the collector. As the applied frequency is increased, a frequency 
will be reached where the time involved in the transit of the carriers across the 
base results in phase shift and loss of gain problems. Of course, the greater the 
transit time, the lower the frequency at which the phase shift and loss of gain 
occurs. There is also a capacitance across the collector and emitter junctions. 
This capacitance will change with the amount of current and voltage across the 
junction. This capacitance is also referred to as the transition or depletion layer 
capacitance. This capacitance effectively shunts the junction and, as the frequency 
is increased, will have a greater effect for a given amount of capacitance. The 
collector junction is reverse biased and the emitter junction is forward biased in 
most amplifier configurations. The collector junction, of course, will have the 
higher signal resistance. The effects of collector junction capacity will occur at 
a lower frequency than the effects of emitter junction capacitance if we deal 


strictly with the RC time constant involved, 
Since the carriers in their transit from the emitter to the collector are transport- 


ed by diffusion, they take an erratic path in the base. Figure 6h-3 shows a typical 


path that a carrier might take in its movement across the base. 


FIGURE 65-3 
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Considering the diagram in Figure 64-3, several carriers entering the base at the 
same time could very well arrive at the collector at different times. The carriers 
might all take different paths in their transit through the base. The wider the 
active region of the base, the more opportunity the carriers will have to spread 


out and arrive at the collector at different times. 


Manufacturers specify cut-off frequencies for transistors in different configur- 


ations. The symbol г. or f, is the symbol given the frequency at which low fre- 
fb b 

quency hen has decreased to 0.707 of its low frequency value. This decrease in the 

Πεμ or « of the transistor with increasing frequency is the result of factors al- 


reach discussed, The frequency Γῃ or f, is primarily for use with the common 
fb b 
base configuration. This is referred to as the cut-off frequency of the transistor 


in a common base configuration. Figure 65-3 shows a plot of applied frequency 


versus nep 


A -—— 0.707 x he, 
"eb 


г. frequency №» "Ἔνι 
] 


(NOTE: г = standard frequency, usually Ike) 
FIGURE 65-3 


f. indicates the standard frequency at which the low frequency parameters were 
measured, generally lkc. As the frequency is increased, a point is reached at which 
there is a significant decrease in hep with an increase in frequency. fi indicated 
in Figure 65-3 is the frequency at which hen has been reduced to 0.707 of its low 


frequency value. This is the frequency that is given the symbol CN Or fa, 


f, Or ы is the symbol given the cut-off frequency of the transistor in a common 
fe E 


emitter configuration. This indicates the frequency at which he, has diminished to 
0.707 of its low frequency value. For a given transistor, this frequency will be a 


much lower frequency than f, . The diagram in Figure 66-3 shows a plot of frequency 
fb 
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versus Πες” Once again, the starting frequency is the standard frequency, usually 
Ikc, and this is the frequency at which the low frequency parameters were measured. 


fi is the frequency at which he, has diminished to 0,707 of its low frequency value 


and this is considered the cut-off frequency for the common emitter configuration. 


— 29,707 x hfe 


hfe 


frequency — » "wt. ғ 
l 


(NOTE: f. = frequency standard, usually lkc) 
FIGURE 66-3 


The relationship between hee and "eb is shown by the formula: 


һе 


fb + nee 


h 


Let's take an example of a transistor which has a hee or beta of 49. This means 
that hen is -0.98. Let's take the frequency at which he, has fallen to 0.707 of 
its low frequency value. At this frequency, he, is approximately equal to 34,6. 


If we apply the formula and solve for alpha at this point, we find that alpha or 


κ. ο Mo _ __ 34.6 or approximately -.097. In other words, when beta has 
fb 14 hee ~ | + 34.6 


diminished to 0,707 of its low frequency value, alpha has only diminished a very 


little bit. 


Now, let's take the example of the frequency at which he, has diminished to 0.707 


of its low frequency value. In transposing the formula for nen we will find that: 
h. = es (Note: h is al ti tity.) 
ае: Pep ote: fh ÎS always a negative quantity. 


When alpha or h,, has decreased to 0.707 of its low frequency value for the transis- 


fb 
tor already specified, alpha equals: hg, - 0.707 x -0.98 - -0.69 


Therefore, beta of this same transistor at the frequency where alpha is diminished 


to 0.707 of its low frequency value is equal to: h CEA: INE = 9.59 ar Å 
Ғе 1+ hep | - 0.69 Ç 
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In other words, when alpha has diminished to 0.707 of its low frequency value, beta 

has diminished from 49 down to 2.2, Therefore, we can see that the cut-off frequency 
of the common emitter configuration is going to occur at a much lower frequency than 
the cut-off frequency of the common base configuration. The cut-off frequency г, 


is related to the cut-off frequency m by the formula: " 


fb 
f =f (| * hà) 
Nee πε, rb 
(he, is always given as a negative quantity) 


In the formula, (1 + ha) ends up being a number somewhat less than one, Let's 
take the example of the transistor we have been discussing whose hep is -0.98 and 


15 49, If the transistor has a f of lOmc, h, will be reduced to 0,707 of 

fe πε, fe 

its low frequency value at f = f (1 + ha) = lOmc (1 + -0.98) = 200KC. With 
hfe Πεμ fb 

the parameters as listed for the transistor, a cut-off frequency for the transistor 


h 


in a common base configuration of lOmc will only yield a cut-off frequency in the 


common emitter configuration of 200kc, 


We can also transpose the formula to solve for the f if we know η ' 


г. fb _ же 
Ғе | ° i i 
Aha, - TX he, (he, is always a negative quantity) 


Consider a transistor with a hep of -0.96 and a f, of 500KC, Solving for the 





f. by the formula; се 
fb ғ 3 
г, К айы. 500 ο. 
"o EUR. roig Mg o ВР 
b 
Therefore, the transistor whose alpha or hen = -0.96 апа f. = 500KC will have a 


common base cut-off frequency of 12.5mc. 2 


f. (GAIN BANDWIDTH PRODUCT): 


The frequency at which the common emitter current gain he. is reduced to unity is 
sometimes given for the transistor. This is essentially the gain bandwidth pro- 


duct of the transistor (referring to current gain). Consider the diagram in 
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Figure 67-3. 


Note that when the low frequency beta is reduced to one or unity, the 


frequency at that point is given the symbol fr: 





50 
0.707 


FIGURE 67-3 


When f. is known, the gain at any frequency b 


T 


if the gain is known between these two freque 


As an example, consider a transistor whose Fu 


gain x bandwidth = 50mc; therefore, | (gain a 


Now, for this same transistor, let's substitu 


(hee, low frequency) 


etween m and E can be found, Also, 
fe 
ncy points, the frequency can be found. 


We can say that 
fr) 


te a gain of 2 and determine the 


is stated as 50mc, 


t Е) x 50mc (frequency, = 50тс. 


possible bandwidth. 


Substituting a gain of 2, the product of 2 and some number 


must equal 50mc because 50mc is the gain bandwidth product. 
can determine the frequency at which the gain will be 2, 
a frequency of 25mc. When h 


25mc. 


fe 


Transposing this, we 


Suppose the low frequency small signal, πες” is stated as being 70. 


707 point is 0.707 x 70 or approximately 50. 
quency using the qain bandwidth product or fr: 


hi 
ік 


50 into 50mc gives Imc ог, іп other words, f 


The reason for listing a frequency such as fr 


emitter configuration is definitely useful beyond the 3db down or f 


In regenerative circuits, the gain might not have to be much more than unity. 


allow a more useful parameter, fr 


mine the gain and the bandwidth if one or the other is known. 


is that the transistor 


h 


h 


fe 
We can determine the 3db down fre- 


If the gain is 50 at the 3db point, 


50mc divided by 2 gives 


of the transistor is equal to 2, the bandwidth is 


at the 3db 


of the transistor is Imc. 


in the common 


fe 


frequency. 


To 


can be used with the low frequency beta to deter- 


лыланы 
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TRANSISTOR OUTPUT CAPACITANCE: 


C ob is the symbol given the output capacitance of the transistor in the common base 
orientation. е is the symbol] given the output capacitance for the transistor in 
the common emitter orientation. in the symbol C ob? the C indicates capacitance, 
the o indicates output, and the b indicates that the configuration is common base, 
In the symbol Е. the C indicates capacitance, the o indicates output, and the e 
indicates the orientation is a common emitter. When the transistor is in a common 
base orientation, the output capacitance is essentially the capacitance of the 
collector junction and any strays, When the transistor is in the common emitter 
orientation, the output capacitance becomes a little more complex since the output 
is taken between the collector and the emitter, rather than the collector and base. 
The capacitance between the base and emitter, between the collector and emitter, 
and between the collector and base, all enter into the output capacity when the 
transistor is in the common emitter configuration. There is a relationship between 
the two, and that is the current gain parameter of the transistor. We can find 


the capacitance с. when Кыш is given, by the formula: 


р 
соь = ‚Ж (1 + he) (Note: hey is always a negative quantity) 
Consider a transistor with a Πεμ = -0.98 and a Се = 200pf. Using the formula; 
C b = 200pf (1 - 0.98) = 200pf x 0.02 = 4pf 


A transistor with the parameters listed and an output capacity for a common emitter 
configuration of approximately 200pf will have an output capacity in the common 
base configuration of about hpf. If C b is given and the transistor is to take on 


a common emitter orientation, we might want to solve for C oe This becomes a simple 


matter of transposing the formula: to read: bor ; 

С, =< KÇ (1 + ha) Bt en 

ob ое fb oe п В 
fb 

Consider a transistor whose hen = -0.97 and whose Cos is listed as 9pf. Substitut- 
ing these values into the formula: 

Cut ob = ӨЕ. = 300 pF 

1+ he b 0.03 


A transistor with an alpha of -0.97 and a common base output capacitance of 9pf will 


exhibit an output capacitance of 300 pf when placed in a common emitter configuration. 


312 


The capacitance of the transistor will be given under a stated set of operating con- 
ditions and.the capacitance will vary with the operating point. A change in the 
collector voltage will change the depletion layer at the collector junction and 
essentially change the dialectric of the capacitor. The capacitance of the emitter- 


base junction will also vary with the width of depletion region. 


It should be evident from the preceding discussion that high frequency transistors 
will call for a construction with a narrow but uniform base width (referring to the 
active region of the base of the transistor) and a low collector and emitter junction 


capacitance. 


The narrower the base, the less the transit time and the less time that the carriers 
have to spread out during their diffusion in the base. This is assuming a given 
minority carrier lifetime, for a given minority carrier lifetime in the base, making 
the base very narrow, increases the frequency at which phase shift becomes a pro- 


blem, The thin base, however, should have a uniform thickness. 


A transistor such as that shown in Figure 68-3 has some high frequency problems 


built into the transistor. 


EMITTER 





FIGURE 68-3 


Notice that some of the carriers will have to spend more time in the base than 
others, due to the fact that the base is not the same thickness throughout the en- 
tire active area. This indicates that along with a very thin base, the base should 


have a uniform active width. 


Consider the transistor types as shown in Figure 69-3, 


The rate grown transistor is manufactured by pulling a seed crystal from a con- 


tainer of molten materials. The crystal is said to be grown in the process, 
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Changing the rate at which the crystal is grown is one method of forming the N and 
P type regions. Different amounts of dopent impurities enter the crystals when the 
growing rate is changed. The rate grown crystal is cut up and makes a number of 
transistors. The base could be made thinner for high frequency considerations in 
the rate grown process, but the problem is both in getting a uniform width and 
attaching a wire to the base when the transistor is constructed. The base should 


actually be thinner than the wire that must be attached. 


The alloy transistor as shown in Figure 69-3 is an attempt to gain a narrow base 
and still maintain rigidity of the structure, while having something to which a 
wire can be connected to make an electrical contact to the base. The alloy tran- 
sistor is constructed by alloying two dots of material to the sides of a very thin 
crystal wafer. The dot should give an impurity concentration opposite of the thin 
wafer. As shown in Figure 69-3, the dots become the emitter and collector contacts 
and the crystal wafer becomes the base. The alloying process makes possible a much 
thinner base between the emitter and collector with the ability to connect a wire 
to the crystal wafer for an electrical connection to the base. It is difficult to 
gain uniformity if the base is made too thin in the alloy transistor. Also, the 
bulk resistance between the active base area and the point that the lead is -attached 


to comes into play. 


Typical fre, for the alloy transistor is from I to IOmc. This is, of course, an in- 


crease in fn over the rate grown transistor, The rate grown transistor is rugged 
fb 
and useful at the lower frequencies, but the alloy type gives an increase in the 


transistor cut-off frequency over the rate grown, 


The micro alloy transistor is a variation of the alloy type. To obtain a very thin 
uniform base, the center of the crystal wafer is etched very thin with streams of 
acid before the dots are applied and alloyed. This gives the characteristics of an 


alloy transistor with a much thinner base. 


During the etching process, the concentration of acid is applied to both sides of 
the crystal wafer which removes some of the material. The outer edges are not 
etched and give the device strength and rigidity. The dots are applied to the thin 


portion of the wafer and when alloyed, result in a very thin base. The dots, of 
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course, should give an impurity concentration that is the opposite of the etched 


wafer as shown in Figure 69-3. 


An increase in hep to 40mc is typical with the micro-alloy transistor. 

A further variation of the alloy type transistor is the micro-alloy diffused or 
drift field transistor. In this type of construction, the dopents are diffused 
(diffused to mean the process of adding impurities to the crystal and not the 
diffusion of carriers) into the wafer. Diffusion doping is the process of heating 
the wafer while surrounding it with the impurities in a gaseous form. The impur- 
ities diffuse or enter the wafer during the process. The diffused wafer is then 
etched predominantly on the collector side. This places the heavier doped portion 
of the base nearest the emitter when the dots are applied and alloyed. The doping 


will appear to be graduated heavy to light from the emitter to the collector. 


This graduated doping in the base gives the effect of an electric accelerating 
field in the base. The diffusing carriers are accelerated, reducing both transit 
time and the spreading out of the carriers in the base during their diffusion, Of 
course, this effective electric field in the micro-alloy diffused base increases 


the frequency limits, Ап extension of fr {о 200тс has been obtained with this 
fe 
construction. Another name commonly used for the micro-alloy diffused is the drift 


field transistor. 


To reduce the bulk resistance between the base connecting wire and the active area 
of the base, and the capacitance of both the collector and emitter junctions, the 
mesa transistor was developed. The aim and construction of the mesa transistor is 
a very narrow base, low junction capacity, while maintaining the collector large to 


dissipate heat. 


The mesa construction starts with a thin layer of dopents being diffused into the 
basic wafer, The diffusion impurities in the doping process have opposite charact- 
eristics to the dopents in the basic wafer. The thin diffused layer and the basic 
wafer form a junctíon. This is shown in Figure 71-3. The thin diffused layer be- 
comes the base. A non-rectifying or ohmic contact is connected to the layer for 
electrical connection. Since the diffused layer is the base, the basic wafer 


should be doped heavier than the diffused layer. The emitter can either be alloyed 
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into the base or an aluminum strip used to construct the emitter. The alloyed 
emitter or aluminum strip and the diffused layer form the second junction. The top 
of the wafer is etched away except that portion containing the base lead and the 
emitter. This leaves a flat top peak or mesa as shown in Figure 70-3. The area 
around the collector junction is etched away to reduce collector junction capaci- 
tance, while leaving the rest of the wafer to dissipate the heat generated by power 
dissipation. The mesa has an increase in fh. into the hundreds of megacycles. 

The low resistance of the collector allows a low value of VcE(sat)" The low resis- 


tance collector results in a low value of collector to base breakdown voltage, how- 


ever. 


A variation of the mesa transistor was developed in an attempt to try and maintain 


a low VcE(sat) and still have a high value of collector breakdown voltage (ВУ во): 


This variation of the mesa is referred to as an epitaxial mesa. The epitaxial mesa 
is constructed by passing a gas over the structure until the gas has deposited a 
layer of solidified material on top of the original structure, This is what is re- 
ferred to as an epitaxial layer on the top of the basic wafer. By controlling the 
impurity content of the gas, we can control the impurity content in the epitaxial 
layer, This layer in the epitaxial mesa is a high resistivity layer. The base is 
diffused into the epitaxial layer and the rest of the construction is the same as 

the mesa. The diffused base and the remainder of the epitaxial layer forms the 
collector junction. The rest of the wafer serves to dissipate heat. The high resis- 
tance epitaxial layer at the collector junction allows a high value of collector 


breakdown voltage (BV ), while the Inherent low resistivity of the basic wafer 


CBO 
allows a low value of VcE(sat)' The epitaxial mesa has much the same frequency 


characteristics as the mesa with the added advantage of a higher value of collector 


breakdown voltage, while maintaining a low value of VcE(sat)* 


THE PLANAR TRANSISTOR: 


The planar transistor is constructed by diffusing both the emitter and the base 
into the basic crystal wafer. When this is done, the planar is referred to as a 
double diffused transistor. A layer of silicon dioxide is grown on the surface of 
the basic crystal wafer. Diffusion of impurities cannot occur through the silicon 


dioxide layer. Holes can be cut through the silicon dioxide, however, and allow 
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well controlled diffusion of the emitter and base as shown in Figure 71-3. The 
original pellet becomes the collector. The silicon dioxide masks the remainder of 
the collector area and keeps the junction confined to a selected area. This main- 
tains a low junction capacitance and the mesa or flat-topped peak is not necessary. 
In other words, we do not need to etch the planar since the masking using silicon 
dioxide allows control of the area of the emitter and collector junctions and keep 
the capacitance at a low value. The masking process does much the same job as 


etching the mesa. 


Since the silicon dioxide is replaced immediately over the junction after it is 
formed, the junction is protected from the surrounding environment and is said to 
be surface passivated, We might say that the planar transistor is double diffused 
and surface passivated. The emitter and base contacts as shown in Figure 72-3 are 
ohmic contacts. This indicates that they are passive or non-rectifying contacts. 


The junctions are active internally, but are surface passivated. 
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QUESTIONS FOR SECTION 3 


Read each question carefully, studying any diagrams provided and select the most 
correct answer, 


Forward biasing a PN junction results in majority carriers crossing the junction 
and becoming minority carriers. The average time the carriers exist after 


crossing the junction and before recombining is termed 





half life of the material 
minority carrier lifetime 
transit time 
recombination time 


со со 


Applying forward bias to a PN junction with one side dopes much lighter than 
the other, results in some carriers failing to recombine and diffusing through 


the lightly doped side as carriers, 


a. heat 
b. bias 
c, majority 
d. minority 


Doping one side of a PN junction much lighter and making it very narrow results 
in much of the forward bias current in the external circuit being the result of 


current in the diode, 


a. diffusion 

b. majority carrier 
c. photon 

d. phonon 


Forward bias current transported by diffusion of carriers results when the 


side of the junction is doped much lighter than the opposite side, 


a N 

в. P 

c. either N or P 

d none of the above 


When two junctions are formed in a single piece of semiconductor, recombination 
occurs at both junctions until a state of exists at both 


junctions and carrier movement across the junctions 


pandimonium, starts 
balance, stops 
equilibrium, starts 
reverse bias, reverses 


ао со 
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6. Junction transistors are constructed by doping two junctions in a single piece 


of semiconductor with the two ends doped and the center 


doped. 
a. liqhtly, heavily 
b. heavily, heavily 
c. heavily, lightly 
d. lightly, liqhtly 


7. The center portion of a junction transistor is made narrow to enhance the 


transport of carriers by in the center portion. 


a. photon 

b. majority carrier 
c. only electron 

d. diffusion 


8. The center portion in the diagram is termed the and the right 


hand portion the 


EMITTER 
a. base, collector 
b. collector, base 
c. gate, collector 
а, gate, anode 
9. Injection of carriers from the emitter into the base is accomplished by appli- 


cation of to the emitter-base junction. 


thermal energy 
reverse bias 
forward bias 
series resistance 


ао тта 


10. The collector junction is normally = biased and depends on 
carriers in the base for current. 


a. reverse, minority 
b. forward, majority 
c. forward, minority 
d. reverse, majority 


wi 


11. 


12, 


56 


14, 


15. 


16. 


The emitter current is the sum of and 


тсаоп со 


heg is the symbol for 


an ow 


The product of d-c current gain, 


recombination, diffusion, base 
collector, diffusion, base 
base, collector, transistor 
either a or c 

base, recombination, collector 
either b or e 


current gain from the 
of the transistor. 


small signal, emitter. collector 
d-c, base, collector 

small signal, base, collector 
d-c, emitter, collector 


will give the value of current. 


а о сш 


Пер: collector 
περ, collector 
h emitter 

h 


бы. emitter 
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current in the 


to the 


(symbol), and the d-c base current 


A variation in base or emitter current will be accompanied by a change in 


collector current. 


For a given change in base or emitter current, a change 


current will result in the greatest change in collector 


base 
emitter 


| indicates current between and 


in 
current. 
a. 
b. 
CBO 


open circuited. 


a 


k: 
Ка 
d. 


сво 


emitter, collector, base 
collector, emitter, base 
collector, base, emitter 
emitter, base, collector 


is made up of carriers present as a result of 


with a change in 


@ cocuu 


thermal energy, forward bias 
reverse bias, thermal resistance 
forward bias, temperature 
thermal energy, temperature 
reverse bias, capacitance 


, with the 


and will vary 
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17; СЕО is the current between and | with the 


open circuited, 
collector, emitter, base 
collector, base, emitter 


a 
b, 

c. emitter, base, collector 

d collector, emitter, emitter 


18. 1 


M 


СЕЙ” сво" 
a, h 
ы. қ 
с. ambient temperature 
d. thermal resistance 
19. 
3 3 
2 2 
1 | 1 
SYMBOL A SYMBOL B 


Symbol B is a/an transistor and point 2 indicates the 
lead. 


NPN, base 
PNP, base 
PNP, emitter 
NPN, emitter 


ο ο c t 


20. A transistor in a common emitter configuration has a greater possible current 


gain than 


a transistor in a common base configuration 

a transistor in a common collector configuration 
unity | 

any of the above 

either a or c 


@ e O > m 


2]. 


22. 


23. 


24. 


26. 
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A transistor in a common configuration can yield the highest 
possible power gain of the three configurations. 


a. emitter 
b. base 
c. collector 


A transistor in a common configuration cannot offer a current gain 


greater than unity. 


a. collector 
b. emitter 
c. base 


A transistor in a common configuration cannot offer a voltage gain 


greater than unity. 


a, collector 
b. emitter 
c. base 


he is the , a-c current gain of the transistor in a common 
e oM —MÀM `> 
configuration. 





a. direct current, base 

b. small signal, emitter 
c. direct current, emitter 
d. small signal, base 


The small signal, a-c, current gain of the transistor in a common base con- 


figuration is given the symbol and include circuit 


effects, 

a. πες, does not 

b. Πε, does not 
fc 

δι ep» does 

d. hea? does 

e, h- , does not 
fc 


Power gain is possible with the common base configuration, althouqh 


gain is less than unity, since даіп greater than 





unity is possible. 


a. voltage, current 
b. current, voltaqe 
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27. 


28. 


29. 


30. 


31. 


32. 


Power gain is possible with the common collector configuration, although 
gain is less than unity, since gain greater than unity 
is possible. 


a. current, voltage 
Ы. voltage, current 


Emitter follower is another name given a transistor in a common 
configuration. 


a. emitter 
b. collector 
c. base 


h. is the small signal, low frequency current gain of the transistor in a 


fc 
common configuration and is approximately equal to ; 


a. base, hep ғ 1 
b. emitter, he +] 
a 
collector, heb * d 


d. collector, he + 1 
e 


The emitter follower offers a input resistance and а 


output resistance. 


a. low, low 

b. high, high 
c. high, low 
d. low, high 


A transistor in a common configuration has a very low output 
resistance is able to supply large output 


a. collector, currents 
b. emitter, voltages 
с. base, voltages 

d. base, currents 


The slope of a d-c load line constructed on a collector family of curves is 
determined by the in the transistor. 


a reactance, series with 
b. resistance, series with 

с current, the base of 

d current, the collector of 
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33. The d-c load line is constructed between the maximum point and 
the maximum point on the collector family of curves set by the 


series resistance and the total supply - 





voltaqe, current, current 
voltage, current, voltage 
voltage, current, resistance 
resistance, current, voltaqe 


по со 


34. The transistor is termed in saturation when the collector becomes 
The collector voltage at this point is given the symbol w 


a. cut-off, Vec 


forward biased, ΒΝ 


CE(sat) 
forward biased, "C E(sat) 


c. reversed biased, V 


e. fully saturated, BVcBO (sat) 


35. Saturation in a transistor results in an increase in the 


in the base as a result of the collector junction becoming biased. 


stored charge, reverse 

depletion region, forward 

depletion region, reverse = 
stored charqe, forward 


с.о сю 


36. Avalanche breakdown occurs at high collector voltages due to the 
of carriers at the collector junction. 


‚ forward, acceleration 

reverse, recombination 
reverse, multiplication 
forward, multiplication 


co Uu uo 


37. Changing the transistor's configuration will change the collector voltage point 
at which avalanche breakdown occurs. ВУ 80 indicates the breakdown voltaqe, 


to with the d-c open circuited. 


, collector, base, emitter 
collector, emitter base 
emitter base, collector 
collector, ground, emitter 


αι ο то 
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38. 


39. 


40. 


hl, 


42. 


43. 





ΒΝ εῃ indicates the breakdown voltage, to _ with the 


d=c open circuited. 
a. base, emitter, collector 

b. collector, emitter, base 
δι 
d. 


collector, base, emitter 
collector, ground, emitter 


is the breakdown voltage, to with a 





BV CER 
specified value of resistance between and 5 


collector, emitter, collector, base 
collector, base, base, emitter 
collector, emitter, base, emitter 

. collector, emitter, collector, emitter 


e. Q cC t 


Maximum steady state power dissipation in a transistor is limited by the maximum 
allowable junction , surrounding air , and the total 


, junction to ambient. 


temperature, temperature, thermal resistance 
current, temperature, temperature gradient 
voltage, temperature, thermal resistance 
temperature, temperature, temperature gradient 


а о сш 


Ө уд is the symbol for thermal resistance, to and is 


measured -in 
jacket, ambient, ?C/watt 
junction, area, watts/°C 
junction, ambient, watts/°C 
. junction, ambient, °C/watt 





ас сш 


θ + θες w = 8jA when a separate sink is used with a 


JC 
transistor. 
à Θες; heat 
b. Θ.,, conductance 
СА 
с. Өсд, heat 
d Osa heat 


lubricant reduces thermal resistance, case to and 





as & result, reduces total thermal resistance. 


Germanium, heat sink 
Silicone, heat sink 
Gallium, heat sink 
Gallium, ambient 


anga 


45. 


ц6. 


47. 


48. 
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Ө ус = 1.8°C/watt 

θεα = 3.6°C/watt i -т 

θες = 0.6°C/watt p = _J(max) А 
max Ө 

ТА = 60°C JA 

Т шах = 1506 


The maximum steady state power the transistor can dissipate with the thermal 
characteristics listed above is 


a. 1.5 watts 
b. 30 watts 
c, 15 watts 
9, 3 watts 


For maximum linear power operating in the active region, the load line should be 
placed 
а, tangent to the maximum power curve in the most linear region of curves. 
b. from ВУ сво to a point tangent to the maximum power curve 
from le (max) to a point tangent to the maximum power curve 


d, I, (max) to Ve (max) 


Answer d in question 45 will allow for a given transistor. 


a. maximum linear power 

b. maximum power with maximum current swing in the linear region 
c. maximum power for low repetition rate switching 

d. maximum power for high repetition rate switching 


Little power is dissipated at cut-off and while most of the power 
is dissipated in the region of the transistor's character- 
istics. 


a. transient, active 
b. depletion, transient 
c. Saturation, active 
d. saturation, depletion 


power can be dissipated during switching with the tran- 
sistor is operated as a cut-off to saturated, low rep-rate switch and the load 
line can the maximum power curve on a collector family of 


curves, 


a. less, not cross over 

b. more, be tangent to 

c. more, be in the safe area below 
d. more, cross over 
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49. 


51. 


52. 


53. 


54. 


The off to saturated switching mode offers resting state power, 
but limited repetition rate due to increased 


. low, storage time 

. high, storage time 
maximum, transit time 
. low, transit time 


e ο πω 


A transistor switch turn on time (tJ is equal to the sum of 
and , and the transistors turn off time is equal to the sum of 


and when using the switching parameters. 


rise time, transit time fall time, response time 
. rise time, transit time storage time, fall time 
. rise time, delay time storage time, fall time 
‚ rise time, interface time storage time, recovery time 


A capacitor used to reduce switching time in a transistor switching configur- 


ао сю 


ation, by aiding in the establishment and removal of the stored charge is re- 
ferred to as a capacitor. 


. Switching filter 
. Speed up 

. charge chopper 

. time chopper 


ао ош 


The charge on the capacitor mentioned in question 51 should be the 
transistors stored charge for an effective increase in switching time. 


a. equal to 
b. less than 
c. ten times 
d. one tenth of 


switching offers faster switching times than the 


saturated mode, but sacrifices 


a. cut-off, flexibility 

Ы, current mode, less critical transistor specification 
c. voltage mode, power 

а. current mode, power capabilities 


A/an switching transistor has the transistor switching in the 
collector breakdown region and can offer rise times in the fractional 
second region. 


avalanche, nano 
avalanche, micro 
current mode, nano 
current mode, micro 
. avalanche, milli 


onan = om 
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55. The three main high frequency limiting factors in transistors are j 
, and 


doping ratio, junctlon capacity, storage time 

junction capacity, base transit time, thermal resistance 

base transit time, spreading of carriers in the base, junction capacity 
emitter transit time, spreading of carriers in the base, junction 
capacity 


AN Tv 


56. | is the symbol for the cut-off frequency of a transistor in a 
common base configuration and indicates the frequency at which 


falls to 0.707 of its low frequency value. 


"s fhfe Ar, 
bs “fue Mp 

€: Then Пер 
фа. 


57. G κ is the symbol for the output capacitance of a transistor in a common 


orientation. Coe is the symbol for the output capacitance of 





a transistor in a common orientation. 





a. base, emitter 
b. emitter, base 


58. A base and junction capacity is the aim in high 


frequency transistors. 
a. heavily doped, low 
b. lightly doped, diffused 
с. narrow, low 
d narrow, variable 


59. f, is the symbol for the frequency at which falis to 


a. Προ» unity 


b. h 0.707 of low frequency value 


fb? 


с. hea’ 0.707 of low frequency value 


d, UTE unity 
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60. Fite indicates the cut-off ( ) of the transistor in a common 
configuration. 
a. πες = unity, emitter 
b. low frequency he, x 0.707, base 
e ες = unity, base 


d. low frequency πες х 0.707, етїїїег 
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